CASH: Revisiting hardware sharing in single-chip parallel processor by Dolbeau, Romain & Seznec, André
CASH: Revisiting hardware sharing in single-chip
parallel processor
Romain Dolbeau, Andre´ Seznec
To cite this version:
Romain Dolbeau, Andre´ Seznec. CASH: Revisiting hardware sharing in single-chip parallel
processor. [Research Report] RR-4660, INRIA. 2002. <inria-00071925>
HAL Id: inria-00071925
https://hal.inria.fr/inria-00071925
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
IS
SN
 0
24
9-
63
99
 
 
 
 
 
 
 
IS
RN
 IN
RI
A/
RR
--4
66
0-
-F
R+
EN
G
ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
CASH: Revisiting hardware sharing in single-chip
parallel processor
Romain Dolbeau — André Seznec
N° 4660
Decembre 2002
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)
Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71
 
	ﬀﬂﬁﬃ! ﬀ"ﬁ#$%ﬀﬂﬁ&'"(*),+%.-
-
ﬀﬂﬁﬀ"((/(0-ﬁ1+*/21ﬂﬁ
3!46587:9<;>=46?<@*AB7:CEDGF;HIKJMLABNO;ABP
QR,SUTVWYX[Z/\K]^VK_a`cb!Vde]^fc]gdhSUTVK]
ikjhlnmgVdYoqpei*r
Zs_nt,tulOjvdswcVxjhVKyRzVKjhyRzV{:|}O~O~aMX[VKyVKTzj^VﬂnOOﬂXcWYt,_nOVK]
!#KUŁzaa
p]dhRzV{,yjhVK_O]v{zla"]h]^`zV/wd^RR,_a]%wcT{z]vRz{z8j^VUd^`zjh{,]%/dhR]v`,tuVKjh]hyU_a_aj
t,j^lcyV]^]^lajndhRzjhVK_awt,_nj_nVK]^T /d^R
_¡]^{zaVYyR,t%]q:VKylOT{z¢_¡jhVK_adgfa£#¤¥{dhRzVxt,_a]vd¦§VKfOVK_nj]K
:lndhR!¨O©Bª%«­¬®T¯`zd_n{zVKla`,]¦°±`zd^²ﬂRzjhVK_awz{z³_n{,w´B©µ!«·¶"R,t°±`,dh¸xjhlcyVK]h]^laj.³_atztzjhlO_OyRzVK]#qVUjhV
¹
jh]vdﬂ{ºaV]gdhB_dhVKwf_OyU_OwcVUTyU]x_n{,w»_njhV¢{zlTtzVKTVU{Bd^VwMf¼dhRzV{uwc`,]vd^jhfa£¤¥{0]vlOT¢V]^VU{,]^Va
´B©µ_n{uw
¨O©ªjhVUtzjhVK]^VU{Bdqdg*lVbdhj^VKT¢VﬂwcV]va{t:la{Od]U£
¤¥{¯d^Rz]t,_nt:VUjnqVtzj^lOtulB]vV*d^lxVUbt,lOj^VqtulB]^]^zVq{OdhVUjhTVKwc_dhVwzVK]^O{¯t:la{Bdh]#§lajlO{c½·yR,t¡d^RzjhVK_Ow
tu_nj_nVK]vT¾{d^VKj^T]¯lnwzVK]^O{¿ylOT¢t,VUbdgfÀ_n{,w¿R,_njwc_njhV]vR,_aj^{zu£MÁ»V%{Bd^jhlcwc`,yV!d^RzV
´BÂz¨aÃ
tu_nj_nVK¦tzjhlcyVK]h]^laj!«§§laj0ÄsÅ%ÆÈÇ%É6ÊMËÅ8ÌÍ¼ÎaÏUÐ.ÑÒÊz³.£´BÂz¨OÃMjhVd_n{,]"jhVK]^la`zjyV]^R,_aj^{z__»¨a©ª
/R,VU{8]^`,yR¿_M]vRu_njh{z»yU_a{uVT_awcV%{zla{z½·yUj^d^yU_a¦§lOj¯TtzVKTVU{Bdh_nd^la{®k,`cd¢jhVK]^la`,jhyUV!]vt,dvdh{z
_
_´B©µ/RzVK{zVUºOVUj"jhVK]^la`,jhyUV]vR,_aj^{z
VK_aw,]ﬂd^lM_]v`,tuVKj^{,VK_nj¡{,yUj^V_a]^Vlnd^RzV%TtzVUTVK{Od_dhlO{
Ru_njwcq_aj^V"yUlaTtzVbcdgfa£xÓzlajY{,]gd_n{,yUVaÔ]^t,_nj]vVKf`,]^VKw§`z{,y.dhlO{,_n#`z{zdh]«ÒVa£ ,£ﬂwcºBwcVKjh]³.6z`cdﬂ_n]^l
,jh_a{,yRtzj^Vwcy.d^lOjh]*_n{,w{,]vd^jh`,y.dhlO{!_n{uwwz_d_"yU_OyRzVK]KByK_n{:V]^R,_njhVKw_aTla{z"]^VUºOVUj_nOÕvtzjhlyUVK]h]vlOjgÖ
yUlajhVK]K£
´BÂz¨aÃÀwclVK]¯{zlad¢VUbt,lOd¯d^RzV
ylOT¢t,VUd^V
wcf{,_nTy!]^R,_njh{,lnejhVK]^la`,jhyUVK]ﬂVK{,_nzVKw¿la{8¨O©ª6£#×q`cd
d¡lO`cd^t:VUj^§lajhT]ﬂ_¼]vT_nj¡´B©µlO{_
T¡`zd^tzjhlaaj_nTTVKwMqlajhØBlO_OwÔ2_O]x*VKq_a]ﬂlO{À_
`,{zt,j^lcyV]^]
qlajhØlB_awÔ£
Ù
`zjG´BÂz¨aÃ"_ajhyR,dhVKy.dh`zjhV*]^Rzls]d^R,_ndGd^RzVKj^VqVbc]gd]{Bd^VKj^TVwc_nd^V/wcV]va{¯tulO{Bdh]:VdgqVUVK{¢´B©µ"_n{uw
¨O©ª6£
Ú¼ÛBÜ6ÝhÞ¡ß
Łà#a
T¯`zd^d^RzjhVK_Owc{,,zR,_ajhwzq_aj^VY]vR,_aj^{z
á2âãåä®æ6ç.è<ésæ®êä2ëêèÒì<ãíêîåî ïeä­ðñëëaç.è§ì<òvóYôUïêõYö÷õì<òvîcø.è<êõì^ù
  
ﬁU2ﬁ (¾-
ﬀﬂﬁ2#ﬀ"" ﬃ

ﬀxﬁ/(ﬃﬀ"%È(U/
-%ﬁ1+q/22

ﬁÈ-ﬀ"ﬁ#ﬀ"(U(/(/

1"1ﬂ-

+q/

	  	  ´BÂz¨aÃ!VK]vde`z{¼{zlO`zºaV_n`
yla{uyVUtzdwcVﬂtzjhlcyVK]h]^VU`zj/t,_ajh_aSUVﬂTla{zlOtz`,yUVaz{Bd^VUjhT\Kwc_njhV
VK{Bd^jhVV]"T¯`zdht,j^lcyV]^]^VU`,jh]"]^`zj¯`z{¿]^VU`zqylaTt:lO]h_n{Bd"Vd¢V]"tzjhlcyV]^]^VU`zj]ﬂT¯`zdhulndh]¯]vT¡`,d_n{z\]U£
o*VUdvdhV¡tzjhlat:lO]^dhlO{Tla{Bd^jhVB` VUb]vd^V¯wzVK]tulB]^]^,dh\K]{BdhVUjhT¢\wc_nj^V]sVU{Bdhj^V¯T¡`zd^tzjhlyUVK]h]vVK`zj]
TlO{zlatz`uyVK]qVUdstzj^lcyUVK]h]vVK`zjh]qT¯`zdhulndh]e]vT¡`zdh_a{z\K]K£
°ß  Ý  	 % T¡`,dh,ladKztu_nj^dh_nOVYwzVYT_nd^\UjhVU
  

	ﬀﬂﬁﬃ "!$#%&(')#%*+*!$#,% -./0 2135476ﬃ!898$#%ﬃ#1310:1
8%;<6:=//;2%
346587:9­; =46?­@¦A7uCDGF;H#IJMLABNO;ABP
>
H46?­@¦A7uCD@?KABNO;ABPBABC
9­I9D?ñ7/EGFgI
H3
HULFMD5I7:5KJCﬀ?HAML¢A7uC?­9<ABC
NPO7Q7RPS
3!AO;;AT?I¢ABH#AVU*D5WkI7:;POA
X Y
¯2ﬁ1ﬃ

+¦1"
`zVd^l¿:lndhR>d^VyRz{zlOlOaf¿TtzjhlºaVUTVK{Od]_n{uw
_Owcº_n{,yUVK]*{ylOT¢t,`cd^VKj_ajhyR,dhVKy.dh`zjhVaB{zVU OVU{c½
VKjh_nd^la{OVU{zVKjh_a½·tz`zjht:lO]^V"tzjhlyUVK]h]vlOjh]s§VK_nd^`zjhV¢_
la{,¢VUbcVKy`zd^la{tzt:VU{zV«<a¢]vdh_aaV]*lO{!dhRzVﬂ¤¥{c½
dhVUiVU{Bdh`zT'}[Z ~]\§³»_n{,w _]^`zt:VUj]^yK_n_nj»VbcV½
yU`cd^la{ ylOj^VO£_^el*VKºaVUj¡_O]{,yjhVK_O]v{z ]h]v`zV
/wdhR/dhR]v`,tuVKjh]hyU_a_ajstzjhlyUVK]h]vlOj/R,_a]wcT¢{c½
]^Rz{,¡jhVd^`,j^{,]KBd^RzjhVK_Owt,_ajh_aVU]^T /dhR_¯]v{c½
OVyRzt¡]#uVylaT{zx_ejhVK_adgfa£¤¥{¡dhRzV*tu_a]vd#§VK
fOVK_ajh]K.dgqls_ntzjhlO_OyRzVK]u§lajTtzVUTVK{Odh{,d^RzjhVK_Ow
VUºOVUBt,_njhj_nVK]vT lO{¯_YyRzt¯R,_ñºaV*VUTVUjhaVw"_n{uw
_aj^V%{zlÈT¢t,VKT¢VK{Bd^VKw¿fÀd^RzV{uwc`,]vd^jhf7`%´O©µ
«·¶¡RztM°±`zd^¸xj^lcyV]^]^laj.³aZWOWn:}zWa

\G_n{uw¨a©ª
«·¬ÔT¡`,d_n{zVKla`,]°±`zd^²ﬂRzjhVK_Owc{,B³Zån,cb,scWn
d\­£
p ´O©µﬂwcV]va{"V]^]^VU{Bdh_afxj^VKtzj^lcwc`uyVK]_dGyRzt
VUºOVUdhRzV«Òl½·VU{,wu³À]vR,_aj^Vw T¢VKTlajhfT¡`,dh½
t,j^lcyV]^]^lajwcV]va{ dhR,_d!_a]`,]vVw /dhR>tzjhVUº½
lO`,]OVU{zVKjh_nd^la{ T_ayRz{zVK]K£ `zVdhl>d^RzV _aw½
º_a{,yVla*dhVKyRz{zlOlOafO®T¡`zd^tzV%lajﬂ}a½­_ñf¼]g½
]^`zVﬂ«§jhVU_dhºOVUfz³2]^TtzVVbcVKyU`cd^la{¢ylOj^V]#yK_n{¯uV
TtzVUTVU{Bd^Vw>la{ _8]v{zOVyR,t«§§laj%{,]vdh_a{,yV
dhRzVjhVKyUVU{Bd^f¿jhVUVK_O]vVwfehgc©¿ilqVUjh}Àtzj^lcyUVK]h]vlOj
Z

#W

\§³.£xQRzV"`,{,wcVUjhfB{z%wcV__awzºalcyU_nd^{z§laj
´B©µc]2]#d^Ru_dGTlO]vdla,dhRzVuVK{zV
¹
d]Glnu{,yUj^V_a]^{,
dhRzVx]h]^`zV/wdhR%/Ô:Vxyla`,{OdhVUjh,_n_n{uyVKwBf_
wzVUVUt:VUjtztuVK{zVO£ ¤·d
_a]^l¿TtzV]!dhR,_do*i5i
{Bd^VK{,]vºaV_atztzyK_d^la{u]x/kR,_ñºOV¯dhl
uVtu_nj_n½
VUkjUVKw%laj/T¯`zd^d^RzjhVK_OwcVKwÔ£
pqd"dhRzVlndhRzVUj¡VU{,wÀlaqdhRzV!wcV]va{0]^tuVy.dhj^`zT

dhRzV¡¨O©ª!t,_ajh_OwcOTÈj^VKVK]sla{¼_ylOT¢t,VUd^VUf%wz÷½
§VKj^VK{Bd _atztzjhlO_ayR2£ pe] t:la{Bd^VKw la`cd f d^RzV
wzVK]^O{zVUj] lndhRzVEyU_a{,yVKVKwmlonqp T¢yjhlat,j^la½
yUVK]h]vlOjrZ h\·¡¨O©ª]
_aj^VÀVK]h]^VU{Bd^_nfwcVK]^O{zVKwd^l
_OyRzVUºaV%`z{ztzjhlyUVK]h]¢tuVKjv§lOj^T_n{uyV!/d^R T¡`,dh½
dhRzjhVK_awtuVKjv§lOj^T_n{uyV¡:VU{z
_!:la{`,]K£"×q`cdxd^RzV
¨O©ªt,j^lcyV]^]^lajM]v`zt,tulOjvd]ylO{,y`,j^jhVU{BddhRzj^V_awz]
/d^R0ºOVUjhflaj_n{`z_njhdgfa£QR,_nd"]K2{,]vd^jh`,y.½
dhlO{,]§jhlaTd^R,Vt,_ajh_aVUed^RzjhVK_Owz]!_aj^VyUla{,yU`zjv½
jhVU{Bdhf
tzjhlaOj^V]^]^{,¢{dhRzV¢VbcVKyU`cd^la{yUlajhV¡_n{uw
]^R,_aj^V]dhRzV R,_njwc_njhV¿jhVK]^la`zjyV]ln%d^RzV tzjhln½
yUVK]h]vlOj«÷§`,{,y.dhlO{,_nY`z{zdh]KeyU_OyRzVK]K/tzjhVKwcy.dhlaj]U
£K£U£³.£>QRzV¼T_n{ wztsy`,dgf8/dhR>¨O©ªc]¢TtzV½
TVK{Od_dhlO{]{,wc`,yUVKw
fdhRzVﬂTtzVUTVK{Od_dhlO{
la%_/wcV ]^]^`zV ]v`zt:VUj]hyU_n_njMtzjhlyUVK]h]vlOj3u!d^RzV
Ru_njwcq_aj^V/yUlaTtzVbcdhV]¦la6d^RzVj^VK{,_nT{z"laayn
dhRzV!]h]v`zV%lOayn#d^R,V!jhVUa]vd^VUj
¹
V_n{,w0d^RzVfO½
tu_a]h]{zVdgqlajhØﬂ{uyjhVK_a]^V]v`zt:VUj^½·{zVK_aj^fﬂ/d^R¢d^RzV
]h]v`zVU½­/wdhR®£
´B©µ_a{,w%¨O©ªjhVUtzjhVK]^VU{Bd¦dgql¡VUbd^jhVUTVYwzVK]^O{
t:la{Bdh]K£Á>d^R _´B©Bµ6{zlVUbVy`cdhlO{jhVK]^la`zjyVO
_at,_nj^dk§jhlaT dhRzVqv#"yK_ayRzVY_n{,wdhRzVYT¢VKTlajhf¢{c½
dhVUj^Ò_ayUVK]K#]¡]^R,_aj^VwÔ£p t,j^lcyV]^]¯yU_a{z{zlnd¯uVK{zV½
¹
d§j^lOT _n{f8j^V]vlO`zjhyUV%laxwz]vdh_a{Odt,j^lcyV]^]^laj]K£
Ù
{ _t,_nj_nVKlaj0ylO{,y`zjhjhVU{Bd»qlajhØlB_awÔ¢_÷½
dhVUjx_%yUla{Bd^VUbdY]^/dyR®®_tzjhlcyV]^]T_ñfTaj_dhV
w*w õ]xzy{|{|}
}  Ï
	

UÉ
§jhlaT tzjhlcyVK]h]^lajdhltzjhlcyV]^]^laj8VK_Owc{,
dhl¼lB]^]"ln/{u]gdhj^`,yd^la{yK_ayRzVOwz_ndh_¼yU_OyRzV_n{uw
,jh_a{,yR>tzjhVKwcy.dhlO{ ]gdhj^`,yd^`zjhVK]!q_aj^T{z,£
Ù
{
dhRzVlad^RzVKj!R,_a{,wÔs/d^R _¿¨O©ª:q]v{zOVt,j^lcyV]^]
t:VUj^§lajhT_n{,yUV]%t,j^ºVKwcOVKwÔ£ÈQlnd_nYj^V]vlO`zjhyUV
]^R,_aj^{z¯_als]GdhluVK{zV
¹
d§jhlaT tzjhV§VUdhyR!V:Vy.d
_a{,wÀyU_OyRzVq_aj^T{z§j^lOT lndhRzVUj"d^RzjhVK_Owz]ﬂ{À_
tu_nj_nVK:qlajhØlB_awÔ£
¤¥{¢d^Rz]Gt,_atuVKjKO*Vtzjhlat:lO]^V/_YT¢Vwc_n{ylO`zjh]^Va
dhRzV´BÂz¨aÃ0tu_nj_nVKqt,j^lcyV]^]^laj
«÷§lOj8ÄeÅ%Æ Ç%É:Ê
ËÅ8ÌÍ¼ÎaÏÐ.ÑÒÊ,³.£
¤¥{,]vd^VK_Ow»lns_n{0_n½­lOjv½·{zlndhRz{z
]^R,_aj^{zÀtulOyfO/la{zVyK_n{ ]^R,_njhV
la{zf ]vlOT¢V¼la
dhRzV¡jhVK]^la`,jhyUVK]K£e´BÂc¨OÃj^VUdh_a{,]ej^V]vlO`zjyV"]^R,_njh{,
__»¨O©Bª»/RzVK{¿]v`uyR¿_]^R,_njh{zyU_a{0uVT_awcV
{,la{c½¥yjhdhyK_nG§lOj¡dhRzV!TtzVUTVU{Bdh_nd^la{®G,`cd¢jhV½
]^la`,jhyUV!]vt,dvdh{zÀ_M_M´O©µÀ/RzVK{zVUºOVUj¢j^V]vlO`zjhyUV
]^R,_aj^{z¡VK_Owz]¦d^l_¯]^`zt:VUjh{zVK_aj*{,yUj^V_a]^Velnd^RzV
TtzVUTVU{Bdh_nd^la{ERu_njwcq_aj^VyUlaTtzVbcdgfa£Ózlaj
{,]vdh_a{,yVO]^t,_ajh]^VUflajj_njhVUf`,]^VKw §`,{,y.dhlO{,_n
`,{zd]"«§VO£ u£kwcºBwcVKjh]³.cz`zde_n]vlzj_n{,yRtzjhVKwcy.½
dhlaj]UB{,]gdhj^`uy.d^la{yU_OyRzVK]q_n{,w%wz_d_¡yK_ayRzV]UyU_a{
:Vs]^R,_njhVKw_nTlO{zﬂ]vVKºaVUj_nnÕvtzjhlyUVK]h]vlOjgÖ*yUlajhVK]lO{
_x]^{,aV½¥yRzt¯t,_nj_nVUctzjhlcyVK]h]^laj£
Ù
{¯dhRzV/lndhRzVUj
Ru_n{,wÔ6´BÂz¨aÃ%ØaVKVUt,]]vVKt,_nj_dhVKw%d^RzV¯T_mglajt,_nj^dh]
la/d^RzVVbcVy`cdhlO{8ylOj^V]!«Òj^VK{,_nTV!laOyaGq_aØaVU½
`,t_n{,w»]^]^`zVlaaynfBtu_a]h]ﬂ{zVdgqlajhØ6®jhVUa]vd^VUj
¹
V]h³e/RzVUjhV¡/wcVKj]^]^`zV¯TtzV]YRzORzVUjYR,_ajhw½
_njhVx_n{,wwcVK]^a{
ylaTtzVbcdgfa£
´BÂz¨aÃYyU_a{ﬂ{zlnd#Vbctzlad®d^RzVylOTtzVUd^V¦wzfB{u_nTy
]^R,_aj^{zlnGjhVK]^la`zjyVYVU{,_azVKw
la{¨O©ª«§tu_nj^d^y`c½
_njhfÀ§laj]^{zOV
tzjhlcyV]^]³",`cdj^VUdh_a{,]tu_nj^dla
dhRzVjhVK]^la`zjyVÀ]^R,_njh{, _Owcº_n{Bdh_aaVÀla{±yUla{,yU`zjv½
jhVU{BdY*lOj^ØlO_aw,]e_n{uwt,_ajh_aVU#*lOj^ØlO_Owz]U£Y¤·dx]
_azVdhl`,]vVxdhRzVx/RzlaVﬂyU_at,_ayUdgfla{,]vd^jh`,y.dhlO{
_a{,wwz_ndh_yU_OyRzVK]_n{,wzjh_a{,yRtzjhVKwzyd^laj]s/d^R
]^{zaV!tzjhlcyV]^]¡*lOj^ØlO_aw,]U£»p tzjhlcyV]^]¡T¢aj_½
dhlO{§j^lOT t,j^lcyV]^]^laj®d^l"tzjhlcyV]^]^lajs*lO`zw
{,lnd¦_6VKydGd^RzVetuVKjv§lOj^T_n{uyVln:d^RzVe¤·½·yK_ayRzV/_n{uw
,jh_a{,yR tzjhVKwcy.dhlO{]vd^jh`,y.dh`zj^V]U£ Á>d^R _t,_ajv½
_aVU_nt,tzyU_nd^la{¿_d^RzjhVK_Ow0tzjhV§VUdhyRzV]"dhRzV%{c½
]vd^jh`,yd^la{,]_n{,w¼_njhT¢½­`,t%dhRzV¢tzj^Vwcy.d^lOj]vd^jh`,y.½
dh`zjhVK]2§laj#la{zVq_n{zlad^RzVKjK£rcR,_njh{,sd^R,Vqwz_ndh_yU_ayR,V
Core 1 Core 2
Core 3 Core 4
Shared L2 Cache
Private L1 Private L1
Private L1 Private L1
Ó#a`zjhV"W `_naj_nT lnÔdhRzVx]vR,_aj^{zﬂ{%_¯]v{zaV½
yR,tT¡`zd^½·tzj^lcyUVK]h]vlOjK£
VK_Owz]¡d^lÀ]vT_nj¯tzj^VU§VdyRz{,»_a{,w_n]^lM_ñºalOw,]
yUlaRzVKj^VK{,yf
dhjh_ sy¡{,wc`,yUVKwMf¼d^RzVwz]vd^jh,`cd^Vw
v¦WﬂyU_ayR,VK]q{¼_´B©µ:£
QRzVjhVUT_n{,wcVKjGln,dhRzV/t,_atuVKjG]lOj^B_n{zkjUVw¡_a]
§lOls]K£»¤¥{ rVKyd^la{ kqV%tzjhVK]^VU{Bd¢{ wcVd_n]
dhRzVj_dhlO{,_nVÀ§laj¼dhRzV8´BÂz¨OÃ t,_ajh_aVU"t,j^lcyV]g½
]^laj]K£
Ù
`,js]vT¡`z_dhlO{!§j_nTVK*lOj^Ø]/tzjhVK]^VU{Bd^Vw
{8rVy.dhlO{

£MrVy.dhlO{}_n{u_nfTjKVK]¯]vT¡`z_dhlO{
jhVK]^`zdh]xlO{»´BÂz¨OÃt,_nj_nVUtzjhlyUVK]h]vlOjh]K£Ó{,_afa
rcVKy.dhlO{ﬁﬀs]^`zTT_njh@jKVK]2d^Rz]]gdh`,wcf"_a{,wﬂtzjhVK]^VU{Bdh]
§`zd^`zjhV"wcj^Vy.d^la{u]q§lajd^R,]qlajhØ6£
ﬂ
	¾ﬁ#/1

ﬁ#+q %ﬀﬂﬁ2)
 ﬃ1ﬂﬁ -
ﬀﬂﬁﬀ"((/( -%ﬁ1+q/6)
21ﬂﬁ
¤¥{¯§VU8faV_nj]UñdhRzj^V_aw¡t,_nj_nVK]^T±la{_YyR,t¢R,_a]
TlºOVKw §jhlaT&_¿yUla{,yUVUtcd%d^l8_¿j^V_ndgfO£ QR,VUjhV
_aj^V!dg*l»T_mglOj¢_atztzjhlO_ayR,VK]3`%o*Rzt ¼`zd^ikjhln½
yUVK]h]vlOj0«ÒÓ#O`zjhV Wñ³
_n{,w rT¡`zdh_a{zVUlO`,]!¼`,dh½
QR,j^V_awc{z «<Óa`,j^VO³.£ Á>RzVU{ yUla{,]^wcVUjh{,
Ru_njwcq_aj^V»jhVK]^la`zjyVÀ]vRu_njh{z _nTlO{z d^RzV0tzjhln½
ö#"/w®ö%$
 
ﬀ
Shared L2 Cache
Shared L1
4-way threaded core
Ó#a`zjhVﬂ `Ge_nOjh_aTÈln®dhRzVﬂ]vRu_njh{z¢{_¢]vT¡`,½
d_n{zVKla`,]T¯`zd^d^RzjhVK_Owc{,¢t,j^lcyV]^]^laj£
yUVK]h]vV]!«Ò`u]gdhjh_nd^VKw{Ojh_ñfMla{¿Ó#a`zjhVK]!W!_n{uw
a³.ñd^R,V¦dgqle_nt,tzj^lB_ayRzV]ÔjhVUtzjhVK]^VU{Bd®dgqlsVbdhj^VKT¢V
wzVK]^O{%t:la{Bdh]K£
¤¥{"dhRz]G]vVy.d^la{2*V
¹
jh]vdj^VyU_nBd^R,_nddhRzV/ylOT¯½
t,VUbdgflnÔdhRzVVUbcVKy`zd^la{!yUlajhVeln2_¯]v`,tuVKjh]hyU_a_aj
t,j^lcyV]^]^lajÀ«§­£ Va£d^RzV0tzt:VU{zV]vdh_aaV]%j_n{,a{z
§jhlaT jhVU{,_aT¢{z0dhljhVd^jhVUTVU{Bd³{,yUj^V_a]^VK]]^`c½
t:VUjh{zV_njhf¿/dhR d^RzV]h]v`zV¼/wdhRE« ZWd\·£ Ózlaj
dhRzVtztuVK{zV]gd_nOVK]jh_a{za{z§jhlaT jhVUO]vd^VKjjhV½
{u_nT{,¯dhl{,]gdhj^`uy.d^la{º_nw,_d^la{2cd^RzVKj^Vﬂ]/{zl
yUlaTt,_aj^]vlO{:VdgqVUVK{MdhRzVR,_ajhwzq_aj^VylOT¢t,VUbB½
dgf¼ln_} s½­]h]v`zV¢]v`,tuVKjh]hyU_a_ajx¨O©ª
tzj^lcyUVK]h]vlOj
_a{,wdhRzVﬂylOT¢t,VUbdgfln2§la`zj/½·]^]^`zVYtzj^lcyUVK]h]vlOj
{¼_´O©µyUla{
¹
O`zj_d^la{2£
Ù
{»d^RzVlad^RzVKjﬂR,_n{uwÔjhVK]^la`,jhyUVK]x]v`uyR»_O]xd^RzV
¤·½¥yU_OyRzVaad^RzVxwz_ndh_"yK_ayRzVlajkdhRzVe,jh_a{,yRtzjhVKwcy.½
dhlO{¿]vd^jh`,y.dh`zj^V]¡yK_n{0:V%]^R,_njhVKw0_nd¯jhVK_a]^la{u_nzV
Ru_njwcq_aj^V%ylO]vd_n{,w8tztuVK{zV
lºaVKj^RzV_awÔ£QR,]
]vdh_a{,wz]x_n]^l!§lOjYla{,n½·_nd^VU{uyf
§`z{,yd^la{,_aG`z{zdh]
]^`,yR
_a]{Bd^VUOVUjT¡`,dhtzVUj]s_n{,wwcºwcVKjh]K£
QRzVKj^VU§lajhVa>d :VKyUlaTVK] {,_dh`zj_ndhl¾yUla{c½
]^wcVUj/{Bd^VUjhTVKwc_dhVYwzVK]^O{,]uVUdg*VKVU{
´B©Bµc]_n{uw
¨O©ªc]k/d^R]vVKt,_nj_dhVsVbcVKyU`cd^la{%ylajhVK]Ka,`cdq/d^R
]^R,_aj^Vw¼{u]gdhj^`,yd^la{,]Y_n{uwwz_ndh_yU_ayR,VK]K:,jh_a{,yR
Core 1 Core 2
Core 3 Core 4
Shared
L2
Cache
S
h
ar
ed
 IL
1
Sh
ar
ed
 U
ni
ts
Sh
ar
ed
 B
P
S
h
ar
ed
 D
L
1
Ó#a`zjhV

`Ge_nOjh_aT ln®dhRzVﬂ]vR,_aj^{z¯{%d^RzVxtzjhln½
t:lO]^VKw´BÂz¨aÃ6£
t,j^Vwcyd^la{]gdhj^`,yd^`zjhVK]Kc_n{,w%la{za½­_dhVU{,yUf¯§`,{,y.½
dhlO{,_ne`z{zdh]K£Á»VyU_ne]^`,yR>_n{ {BdhVUjhT¢Vwc_d^V
wzVK]^O{®:´BÂz¨OÃ»«§§laj¼ÄeÅ!ÆEÇÉ:ÊËÅ¿Ì Í¼ÎaÏÐ.ÑÒÊz³£
´BÂz¨OÃ]`,]vd^j_dhVKw{Ó#a`zjhV

£
Á>RzVK{zVUºOVUj_T_n{`cÒ_Oy.d^`,j^VKj¯yRzllO]^VK]"d^l»T¢½
t,VKT¢VK{BdkT¡`zd^tzV/VbcVKyU`cd^la{ylOj^V]#jh_nd^RzVKjd^R,_a{
_¡ºaVKj^f¯/wcVY]^]^`zVsVUbVy`cdhlO{!ylOj^VOB´BÂz¨OÃ¡jhVUtzjhV½
]^VU{Bd]"_n{_adhVUjh{,_dhºOVd^l_¼t,`zj^V´B©µM_ajhyR,dhVKy.½
dh`zjhVa£
 	

ﬀﬂﬁﬃ !#""%$&'"$)(
*,+-".0/1/1+ﬃ.0
2+-
Ó,lajd^RzV ]^_aØaV0la!]vTtzydgfa¢qV¿_a]h]v`,T¢V¿d^RzV
§lOl/{ztztuVK{zV»lajhO_a{z@j_dhlO{ `{,]vd^jh`,y.dhlO{
§VUdhyR®6{,]vd^jh`,y.dhlO{wcVKyUlcwcVa6jhVUa]vd^VUjj^VK{,_nT{z,
{,]vd^jh`,y.dhlO{Mwc]^t,_dyR®ÔVbcVKyU`cd^la{2ÔT¢VKTlajhf_ay.½
yUVK]h]Uu/j^d^V¡,_ayØ6,jhVdhjhV«Ò]^VUV¯Óa`,j^V"}B³.£erlOT¢V
la6d^RzV]vV/§`,{,y.dhlO{,_n6]gd_nOVK]GT_ñf¯]^t,_a{lºaVUj*]vVKºO½
VKjh_a6tzt:VU{zV¡yfcyUV]U£
¤¥{0_
/wzV½·]h]v`,V]^`zt:VUj]^yK_n_njxtzjhlcyVK]h]^lajÔd^RzV
Ru_njwcq_aj^VylOTtzVUbcdgfMlns]vlOTVlnqd^RzV]vV§`,{,y.½
dhlO{,_nM]gd_naV] {uyjhVK_a]^VK]>]^`zt:VUj {zVK_aj^f _n{uw
VKºaVK{¯{zV_nj B`,_Owcj_d^yU_afﬂ/d^Rd^R,V/]h]v`,V//wdhR®£
w*w õ]xzy{|{|}
~  Ï
	

UÉ
QR,]
]wc`zVÀdhl d^RzVwcVKtuVK{,wcVK{,yVK]
dhR,_dT_ñf
VUbc]vd¯_nTlO{zajhla`,t,]ﬂln/{,]vd^jh`,y.dhlO{,]ﬂdhR,_d_njhV
dhj^V_dhVKwÀ{¿t,_ajh_aVU­£psqd^RzV%t,_dhRzVK]¯T¡`u]gd¢uV
wzTVU{u]vla{zVw8d^l0:V_nzV¼dhlÀd^jhVK_d!_asd^RzV{c½
uOROdq{u]gdhj^`,yd^la{,]*_a]¦®dhRzVUfqVUjhVe_n,t:lO]h]^zf
wzVUt:VU{,wcVK{BdK£
ÓzlOj{,]gd_n{,yUVa/Vd`,]!yUla{,]^wzVUjdhRzVjhVUa]vd^VUj
jhVU{u_nT{,!]gd_nOVaud^RzV¢q_aØaVU½­`zt_a{,w¼]^]^`zV¯lOay
_a{,w!d^RzVﬂlOtuVKjh_a{,w§VUdhyR®£
QRzV jhVUa]vd^VUj>jhVU{u_nT{, ]vdh_aaV {uy`,wcVK]>_
OlO,_nzwzVUt:VU{,wcVK{,yfyRzVyØ¡/d^Rz{_xajhla`ztla 
{,]vd^jh`,y.dhlO{,]Yd^l
:Vj^VK{,_nTVw{Àt,_nj_nVK<£QRzV
yUlaTtzVbcdgf lad^R,]ÀwcVKtuVK{,wcVU{uyfEyRzVyØB{z]
B`,_Owcj_d^yG/d^R¯d^RzVq{`zT¡:VUjlaz{,]vd^jh`,yd^la{,]K£¤·d
_a]^lj^V O`,jhVK]Y_
]v{zaVyfcyVj^V_aw_a{,w`,t:wz_nd^V
la:_YjhVUa]vd^VUjT_nt¢d_nzVa£#¤¥{¢_x]^{,aVyUfcyVq/d^R
dgqlﬂlat:VUj_n{uwz]G_n{,wlO{zV/jhVK]^`zdk{,]vd^jh`,y.dhlO{,]KB
VK{Bd^jhV]T¯`,]vdx:Vj^V_awM_n{,w VU{Bd^jhV]YT¡`,]vdﬂuV
lºOVUjh/j^dvdhVU{®£
QRzV!yUlaTtzVbcdgfMlaqdhRzV!_nØOV½·`zt0_n{,wÀ]h]v`zV
laOy!_n]vl{,yUj^V_a]^VK]ﬂTlajhVdhR,_n{{zVK_aj^fM/d^R
dhRzV0]^]^`zVÀ/wcd^R®£ l¦_OyRVK{Bd^jhf { dhRzV0q_aØaVU½
`,tlaOyYT¯`,]gdsTlO{zdhlajdhRzVﬂtzjhlwz`,yVKj*§lOjsVK_OyR
]^la`,jhyUVslat:VUj_n{,w®£#QRzV{`zT¡:VUjqln2yUlaTt,_nj_dhlaj]
{»VK_ayR»VU{Bdhj^f{Md^RzV_nØOV½·`ztlaOy¯{uyjhVK_a]^VK]
{zVK_aj^fÀ/dhR¿dhRzV
]h]v`,V%/wd^R2£8pe]¯dhRzVd^lnd_n
{`zT¯uVKjln®dhRzV{ ,aRBd{u]gdhj^`,yd^la{,]qT¯`,]gd/_n]^l
:V{,yjhVK_O]vVwÔd^RzVdhlnd_n¦{`zT¯uVKj¡la/yUlaTt,_ajh_n½
dhlaj]#{¢d^R,V/q_aØaV½·`zt"laOyqj_n]vV]#{zVK_aj B`,_Owcj_dv½
yU_afa£¦¤·G_a{f!{,]gdhj^`uy.d^la{¼yK_n{
uVﬂ_n`,{,yRzVKwlO{
_a{f¡§`z{uy.d^la{u_n,`,{zd/_n,V/dhl¡VUbVy`cdhVsdx«§§laj¦{c½
]vdh_a{,yVOÔ_n{f¼p vi lOtuVKjh_nd^la{yK_n{:V¢VbcVKyU`cd^Vw
lO{»_a{f¼{Bd^VKaVKjxpaviY³.ÔdhRzVylaTtzVbcdgfln*d^RzV
]^VUVKyd^la{%lOayej_n]vV]_n]vl B`,_a]^½ B`,_awzjh_nd^yU_nf
/d^R
dhRzVﬂ]^]^`zVﬂ/wd^R®£pe]_n{¼_nd^VKj^{u_d^ºaVOzwc]g½
dhj^z`cdhVKw0]^VUVKyd^la{ÀlOayyU_n{À:VT¢t,VKT¢VK{Bd^VKw
_ndd^RzVﬂVUbt:VU{u]vVﬂla]^laTVY§j^VKVKwclOT «Ò_a{,wtuVKjv§lOjv½
T_a{,yVñ³.£Ózlaj¦{,]vdh_a{,yVOndhRzV§`z{,yd^la{,_a,`z{zdkVb½
Vy`cdh{,¡dhRzVx{,]vd^jh`,yd^la{
yU_n{%uVxtzjhVK]^VUVKyd^Vw!_d
wz]^t,_dyR!dhTVO£
QRzV yUlaTtzVbcdgfln
lat:VUj_n{,wE§VdhyR yUlaTVK]
§jhlaT dgqlÒ_Oy.d^lOjh]3`0dhRzVMjhVUO]vd^VKj
¹
VÀ_n{,w d^RzV
I. Fetch R. Ren &
I. Disp.
I. Dec. Exec. /
Mem. Acc.
I. Ret.
Ó#a`zjhV }B` QRzV ]vdh_aaV] ladhRzV ]^T¯`z_nd^Vw
t,t:VU{,Va£
ft,_O]^]{zVdgqlajhØ6£YQR,V¢yUlaTtzVbcdgf
lakd^RzV¢jhVUn½
]vd^VUj
¹
V¦{"dhVUjhT la,]vyUla{¡_aj^V_/{uyjhVK_a]^VK]2TlajhV
dhR,_n{ B`,_Owcjh_nd^yU_afﬂ/dhR¢d^RzV/]^]^`zV/wd^R®£GQRzV
]^ylO{_njhVK_jhVB`zjhVKw
f_!]^{,aV¡jhVUa]vd^VUjYyVK
{,yUj^V_a]^VK]¯/dhR8dhRzV¼] B`,_aj^V%lnd^RzV
{`zT¡:VUjla
jhVUO]vd^VKj
¹
VtulOjvd]U£pqddhRzV]h_nTVd^TVTlajhV
t,RBfc]^yK_nj^VKa]gdhVUj]e_njhV¡{,VUVKwzVKw/R,VU{¼dhRzV¯]h]v`zV
/wdhR ]{,yjhVK_O]vVwÔ£8QRzV¼_OyUyV]^]¯dhTV
lnYd^RzV
jhVUO]vd^VKj
¹
V¢_a]^l{,yjhVK_O]vV]ewcj_nT_nd^yU_nfa£eQRzV
{`zT¯uVKjelakBft,_O]^]etulO{Bd]ejhVB`zj^Vw
{d^RzV¢fO½
tu_a]h]{zVdgqlajhØﬂ{uyjhVK_a]^VK]#{,VK_njhfanz`zdkd^RzV/{`zT¢½
:VUjlnkVK{Odhj^VK]e_dV_ayR¼ft,_a]h]/t:la{Bd{,yjhVK_O]vV]
TlOj^V!d^R,_a{{zV_njhf0_n{uw0d^R,V%VU{zad^R8lnsjhVK]^`zd
,`,]vV]/_n]vl{,yjhVK_O]vV]U£
 

/1+- + ,"%
$&+-.0," 	

QR,VylO{Odhj^lO/ln"wcVKtuVK{,wcVU{uyVK]%{,]^wcV_À/wcV½
]h]v`zVE¨O©ª ]^`ztuVKjh]hyU_a_aj8t,j^lcyV]^]^laj jhVK]^`zdh] {
ºOVUjhf±RzaR R,_njwc_njhV8yUlaTtzVbcdgfla{È]vVKºaVKjh_a
§`,{,y.dhlO{,_nx]gd_nOVK]{>dhRzVtzt:VU{zVO£ ^el*VKºaVKj
]^laTV R,_ajhwc_njhV j^V]vlO`zjhyUVK]»{zVKVKwcVw fEVKºaVKj^f
t,j^lcyV]^]^lajxylO`zw:V]vRu_njhVKwlO{»_T¯`zdht,VVb½
Vy`cdhlO{¼ylajhVﬂtzjhlcyVK]h]^laj£¦ÓzlOje´BÂc¨OÃt,j^lcyV]^]^laj]K
qVxVU{º]^la{zVw%]^R,_njh{z¯la{,¢_dhVU{,yUf!`z{,d]Uz{c½
]vd^jh`,yd^la{yU_OyRzVK]Kwz_d_"yU_OyRzVK]*_n{,wdhRzVe,jh_a{,yR
t,j^Vwcyd^lOjK£

¬
cŁ
Û

Ü

Û
à 
ß
<c
Ûﬀ

Ü

ﬁ
K
rclaTV§`z{uy.d^la{u_nx`z{zdh]
_njhVM]^t,_ajh]^VUf8`u]vVw {
TlB]gd*_atztzyK_dhlO{,]k_n{uw§VK_nd^`zjhVe_ﬂla{zﬂ_dhVU{,yUfa
§lOjs{,]gd_n{,yUVﬂ{BdhVUaVKjsT¡`,dhtzVUj]s_n{,w¼wzºwcVUj]U£
QR,VK]^V>VbcVKyU`cd^la{ `z{zdh]8_n]vl jhVB`zj^V>_±]^`zc½
]vdh_a{Bd^_n]^ylO{_njhVK_ylOTt,_njhVKw/d^RM_!]vTtzV
pavi¡£OQjh_OwcdhlO{,_n,`z{ztzj^lcyUVK]h]vlOjh]#T¡`u]gdk§V_dh`zj^V
ö#"/w®ö%$
   
_¼yUlatflaqdhRzVK]^V§`z{,yd^la{,_a¦`z{,d]U£ istÀdhl¼d^RzV
Tw2bO  ]Und^RzVt:VUj^§lajhT_a{,yVqln:d^R,VK]^V*§`,{,y.dhlO{,_n
`,{zd]kqVUjhVln÷d^VK{]^_Oyjh
¹
yVKw¡d^lxdhjh_OwcVUl %]^T_aVUj
]^ylO{_njhVK_"_aO_n{,]vd¦_d^VK{,yf/d^R{,lndq]^l¡la÷d^VK{
`u]vVw!{,]vd^jh`,y.dhlO{,]U£
Á>d^R>´BÂc¨OÃ6]vVKºaVUj_nVUbVy`cdhlO{8yUlajhVK]]vRu_njhV
la{,n½·_nd^VU{uyf»VbcVKyU`cd^la{8`z{zdh]K¦]v{,yUVd^R,V
yUla{c½
dhVU{Bd^la{ §laj d^R,VUj>`,]vV {,wc`,yUVK] _llºOVUj^½
R,VK_aw®£o*la{Bdhj^lOa_njhla`z{uwedhRzVK]^V¦`,{zd]2/B]^aRBdhf
VU{,nd^R,VU{dhRzVUjq_nd^VU{uyfa£ﬃ^el*VKºaVUjq_n{%Vbd^j_"yfB½
yUVlO{M_¼nn½·yUfyUV¯_nd^VK{,yf¼]xT¡`,yR»VK]h]Y_
yUla{,yUVUjh{dhR,_n{
la{
_W½¥yfcyVx_nd^VK{,yf	
:£
pe]/_a{_adhVUjh{,_dhºOVaclO{zVxT_ñfyUla{,]^wcVUjdhl¢{c½
ºOVK]vdﬂd^RzV!d^ladh_nq]vyUla{0_njhVK_
laqdhRzV ]vl wz½
ºwcVUj]Y{À_´O©µ
{»_]v{zOV¢TlajhV¯V0syUVK{Bdﬂwz½
ºwcVUj¦{´BÂz¨OÃ:£
Ù
{,V/T_ñf¯_n]vl"yUla{,]^wzVUjk]^R,_njh{,
_]^{zOV¢t,_ajxln ,lO_nd^{ztulO{Bdﬂ`z{zdh]x:VdgqVUVK{
dgqleVUbcVKy`zd^la{¯yUlajhVK]{¢´BÂc¨OÃ6UlOjTtzVUTVU{Bdh{z
_]^{,aVYT¯`zd^T¢Vwc_`z{zdK£
 

KUŁ #n
ﬁÒß
Oz
Û


à Ł



Ł
Û
à
ﬁ
n
ß
Ł!#cŁ
ﬁ
ZsVUtzyK_dh{zxdhRzV/{,]gdhj^`uy.d^la{yK_ayRzV/_n{uw¯,jh_a{,yR
t,j^Vwcyd^la{ ]gdhj^`uy.d^`,j^V]§lajVKºaVUjhftzjhlcyV]^]^laj{
_T¡`zd^tzVMVUbVy`cdhlO{ ylOj^V]_0q_O]gdhVln"jhV½
]^la`,jhyUVK]K£


KUŁ #n
ﬁ<ß
az
Û Ql§VKVKw_ s½­]h]v`zV¯VbcV½
yU`cd^la{¯ylajhVadhRzV¦{,]vd^jh`,y.dhlO{ﬂ§VdyR¡VU{,a{zV¦T¯`,]gd
wzVUºOVUj®_n{"_ñºOVUj_nOV2dhRzj^lO`zaR,tz`cd®VB`,_anlaj2RzORzVUj
dhR,_n{  {,]vd^jh`,yd^la{,]¡tuVKj¯yfcyUVO£
QR,V!_ñºaVKjh_aaV
]^kjUVla"d^R,VM{,]vd^jh`,y.dhlO{ zlyØ dhR,_d¼ylO`zw uV
§VUdhyRzVw¼{t,_ajh_aVUkdhRzV¯§j^lO{Od^½­VK{,w¼]_azV"d^l
ft,_O]^]Y{zladv½­dh_nØOVU{Mzjh_a{,yRzV]]xjhVU_d^ºaVKf¼R,OR
«DpdhlMWñ{,]gdhj^`uy.d^la{u]elO{T_n{f¼{BdhVUaVKj_atztz½
yK_dhlO{,]UaT¢lOj^VlO{ ulO_dh{,Yt:la{Bd*_nt,tzyU_nd^la{,]³.£
QRzVKj^VU§lajhVa§la`zjGñ½·_ñf]^]^`zVqVbcVKyU`cd^la{¯ylajhVK]
«Òlajxdgql
}n½·q_ñfz³syUla`zwÀ]vRu_njhV¢_
]^{zOV{,]vd^jh`,y.½
dhlO{ yK_ayRzVO£ pqdV_ayR yfcyVaq_»]^{zaV%t,j^lcyV]^]
]kOjh_a{Bd^VKw¯dhRzV_OyUyV]^]Gd^lﬂdhRzVe{,]vd^jh`,y.dhlO{yU_ayR,V
_a{,wﬂ_/_njhaVGzlcyØlazyla{BdhO`zla`,]®{,]vd^jh`,yd^la{,]2]
jhVK_OwÔ£2i¦j^lcyV]^]^laj]2_aj^Vqaj_n{BdhVKw"_OyUyV]^]2d^ld^R,Vq{c½
]vd^jh`,yd^la{ﬂyU_OyRzVk{"_/j^lO`z{,wYjhlaz{xT¢lcwcVO£
Ù
dhRzVUj
TlOj^V_nOajhVK]h]vºaV¦_alcyU_nd^la{¡t:layVK]yU_a{¯:V/wcV½
]^a{zVw%_O]q§laje¨O©ª]qZåcW|\·£
lkºOVU{/d^R_ﬂyU_at,_ayUdgf¡§la`zjkd^T¢V]¦_O]G_aj^OVaa_
]^R,_aj^Vw{,]gdhj^`uy.d^la{»yU_OyRzV¯Ru_njwcq_aj^V¢ylOT¢t,VUbB½
dgf
*lO`zw
uV¯{¼dhRzV¯]h_nTV"j_n{,aV¡_O]/d^R,V¡R,_ajhw½
_njhVkylOTtzVUbcdgflnc§la`,j®{u]gdhj^`,yd^la{"yK_ayRzV]6§laj
§lO`zjeñ½·_ñf¢t,j^lcyV]^]^laj]K£
 Ł    Ł Û à ﬁ n ﬁÒß KUŁ #n 2Ł Û 

	
Ð  íÎ
tzjhVKwzyd^{zdhRzV_awzwcjhVK]h]slakd^R,V¢{,VbdY{c½
]vd^jh`,yd^la{xzlyØ]2_syR,_nVU{zO{ztzjhla,VKT/RzVK{
dhRzVxtzjhVKwcy.dhlO{!T¡`u]gduVxt:VUj^§lajhTVKw{%_]^{,aV
yUfcyVa£
ÓzlOje{,]vdh_n{uyVauulad^Rpet,R,_<lonY~Z
 
\G_n{,w¼pe½
t,R,_lonqp ZW
 
\Y`,]^V8«§{,lnd]^l¿_OyUy`,jh_nd^V³]v{zaV½
yUfcyVM{,VMtzjhVKwzyd^laj]%,_ayØOVKw>/d^R _ ½·yUfcyV
yUlaTtzVb{,]vd^jh`,y.dhlO{M_aw,wcj^V]^]YOVU{zVKjh_nd^laj]/dhR,_d
§V_dh`zj^V!dh_aj^OVd¯jhVKyUlaTtz`cd_dhlO{®kylOT¢t,VUb0yUla{c½
wzdhlO{,_n®,jh_a{,yRyUlaTtz`cd_dhlO{®zjhVd^`,j^{¼_aw,wcj^V]^]
]vdh_OyØM«<_n{,wmg`,T¢ttzj^Vwcy.d^lOj/§lajalonapB³.£sÁ>R,VU{c½
VKºaVKj{zV¼tzjhVKwcy.dhlO{ _a{,w _awzwzj^V]^]OVU{zVKjh_nd^la{
wz]h_nOj^VKVaÔ{,]gdhj^`uy.d^la{»§VUdhyRÀj^V]v`,T¢V]x/dhRÀd^RzV
_OwzwcjhVK]h]¼aVK{zVUj_dhVKw fd^RzV ylaTtzVb±_aw,wcj^V]^]
OVU{zVKjh_nd^lOjK£$`zVdhl>d^Rz]MRzVKjh_ajhyR,yK_n¡]vd^jh`,y.½
dh`zjhVazlºOVUj^§VdhyR,{z¢]sT¢t,VKT¢VK{Bd^VKwlO{%dhRzV¡pe½
t,R,_ lonap¿«§­£ VO£dgqlp½·{,]vd^jh`,yd^la{,]YzlcyØ]¡_njhV
§VUdhyRzVwla{
_¢]^{zaVﬂyfcyVa£å³
¤¥{!yUla{mg`z{uy.d^la{!/dhRd^R,V]^R,_njhVKw{,]vd^jh`,y.dhlO{
yK_ayRzV
tzjhlat:lO]^VKw _n:lºaVOkdhRzV¼{zVbd{,]vd^jh`,y.dhlO{
_OwzwcjhVK]h]sOVU{zVKjh_nd^laje{´BÂz¨OÃ%]Y_n]vl!]^R,_aj^Vw
d^RzV
]h_nTV
_ñfa£>¤·* VbcVKyU`cd^la{ ylOj^V]_njhV
TtzV½
TVK{OdhVKw»dhRzVU{ÀdhRzV!_aw,wcj^V]^]Y§lOj"dhRzV{zVUbBd",lcyØ
wzlBV]{zlnds{,VUVKw!d^l:Vﬂº_nw%:V§lajhV  yfcyVK]K£
QRzV¼]^R,_njhVKw0{,]vd^jh`,y.dhlO{ _OwzwcjhVK]h]¡OVU{zVKjh_nd^lOj
Ru_njwcq_aj^VyUlO]vd¡/:V!{d^R,V%]h_nTV!j_n{zOV!_a]
jhVUt,yU_nd^{z  _awzwzj^V]^]YaVK{zVUj_dhlaj]«Ò_n:la`zd"d^RzV
]h_nTVÀ{`zT¡:VUj¼la_OwzwcVKjh]K,`cdM_ /wzVUj¼T¡`,½
dht,VUblOj³£>QRzVd^lnd_n/z`uwcaVUd¢§lOjd^RzV¼,jh_a{,yR
t,j^Vwcyd^la{%dh_azV]qT_ñf!uVx{BºOVK]vd^Vw!{_]^{,aV
,`cd¯_njhaVKj"la{zVO£¼lOj^VKlºaVKjxd^RzV%R,_njwc_njhVwcV½
w*w õ]xzy{|{|}
p  Ï
	

UÉ
ºOlndhVKw¢d^l¡{zVet,j^Vwcyd^la{yK_n{:V_ñºOlawcVKw¢/RzV
dhRzVe{,VUVKw§lajqlºaVUj^§VdyRz{z"_a]h]vlcyU_nd^VKw/d^R!d^RzV
t:llaj/{,VYt,j^Vwcyd^lOjs_ayUyU`zj_ayfwz]h_ntzt:VK_ajh]K£
p tzjhVUºla`,]È]vd^`,wzf Z ﬀd\R,_O]È]vR,l/{dhR,_d
§lOj!OlO,_ntzj^Vwcy.d^la{]^yRzVKTVK]Ks_0uVK{zV
¹
dlO{
,jh_a{,yRtzjhVKwzyd^la{À_ayUyU`zj_ayf¼yK_n{»uVlazdh_n{zVw
§jhlaT ]vRu_njh{z d_nzVK]Kﬂz`cd»Tt:lO]^VK]_ jhVdh`zjh{
]vdh_OyØ§laj/V_ayR%d^RzjhVK_OwÔ£
 
¬ #cŁ ﬁ   Û à#cKÀa, Û
¤¥{´OÂz¨OÃ6kdhRzVMwz_ndh_8yU_ayR,V]]^R,_njhVKw :VdgqVUVK{
]^VUºOVUj_nst,j^lcyV]^]^VK]K£EQRz]!VK_Owz]VKdhRzVUj%d^l¿d^RzV
`u]vVxlnG_¢T¡`zd^t:laj^d^VKwyU_OyRzVxlajqd^ldhRzVﬂ`,]^Vxln#_
u_n{zØB½·{Bd^VKj^VK_ñºOVKwyK_ayRzVO£
QRzV¢`,]^V¯laq_%T¡`zd^tulOjvdhVKwMyU_ayR,V¯{»_´BÂz¨aÃ
t,j^lcyV]^]^laj"_ñºOlawz]ﬂ_njhzd^j_dhlO{Àwz`zj^{z_OyUyUVK]h]vV]
dhlﬂd^R,VeyU_OyRzVa£×q`cd*TtzVKTVU{Bd^{z¡_ﬂjhVK_azT¡`,dh½
t:laj^d^VwﬂyU_OyRzVG/RzVUjhVkV_ayRxtzjhlyUVK]h]vlOj®ylO`zwxOjh_a
_a{"_ayKyVK]h]6dhl/d^RzVq]^_aTV¦yU_OyRzVGzlyØxwc`zjh{zsVK_OyR
yUfcyV¢VK_Owz]d^l_%ºaVKj^fVUbctuVK{,]vºaVwcV]va{®£QRzV
]^ylO{_njhVK_%wcVUºOlnd^Vw
d^l
_%T¢VKTlajhf
yUVUajhls]
B`,_Owcj_d^yU_af/dhR!dhRzVx{`zT¡:VUjln#yla{uy`zjhj^VK{Bd
_OyUyUVK]h]¯t:laj^dh]K£ ¼lajhVUlºOVUjd^RzV_OyUyV]^]¯dhTV
d^l
_T¡`zd^t:laj^d^VKw¿TVUTlajhf0_njhjh_ñf»]¯la{zOVUj¯d^R,_a{
dhRzV¼_ayKyVK]h]¡d^T¢VdhlÀ_a{¿V O`,º_nVU{Bd]vkjUV
]^{zOV
t:laj^d^Vw>la{,Va£ÈQRzVUjhV§lOj^VOsla{_T¡`,dhtzVÀVbcV½
yU`cd^la{ ylOj^VOejhVUtz_ayU{,¿dhRzV0wc]vd^jhz`cd^Vww,_dh_
yK_ayRzV]"f_]^{zaV!T¯`zdht:laj^d^Vw¿yK_ayRzV]¢{zlnd
yUlO]vdv½·V 6VKyd^ºaV¼§lOj%_ayKyV]^]d^T¢VÀ_a]!*VKx_a]§laj
dhlnd_n®]^yUla{
_njhVK_,£
ÓzlOj¡´BÂz¨aÃtzj^lcyUVK]h]vlOjh]KÔ*Vt,j^lOtulB]vVdhl¼`,]vV_
u_n{zØB½·{Bd^VKj^VK_ñºOVKwY]gdhj^`uy.d^`,j^VO£QRzVqyU_ayR,V¦yU_a{ﬂuV
TtzVUTVU{Bd^Vw¼`,]^{,%]^{zOVU½­t:laj^d^Vw
,_n{,Ø]K£epejv½
,dhjh_nd^la{¿]t:VUj^§lajhT¢VwlO{¿dhRzV¼_ayUyUVK]h]¯d^l»d^RzV
u_n{zØc]_a{,w VK{zaRBdhVU{,]d^RzV»_ayUyUVK]h]d^TVa£EQRzV
_OyUyUVK]h]6d^TV¦/BuV¦§`zj^d^RzVKj2{,yjhVK_O]vVwxBfx_syUVU{c½
dhjh_akjUVw_OyUyV]^]K6<£ Va£¡d^RzV¢_d^VK{,yflnkdhRzVyU_ayR,V
/ÔuVﬂ{,yjhVK_O]vVwf!_yfcyUVYlaj/TlajhVa£
Ù
{%d^RzV
lad^RzVKjeR,_a{,wÔ,d^RzV¡d^lnd_n#]vylO{¼z`,wcOVdxwcVUºOlnd^Vw
dhl/d^R,VvkW*wz_d_syU_OyRzVK]Ô{"_s´B©µYyK_n{ﬂ:V¦{ºaVK]vd^Vw
{¼_]v{zaVx_aj^OVUj=vkWﬂwz_ndh_yU_OyRzVa£

¯Ûﬀ#Û K¡  à8à2Ł Þ #z® ß	 zŁ Ý
ﬁ  Û  ß Ł ﬁ
 c ﬁÒß UKŁ aŁ Û 
QR,VUjhV"_njhV¡_¢§VUE]^T_aj^d^VK]suVUdg*VKVU{]^R,_njh{,
dhRzVwz_ndh_yK_ayRzV_a{,w ]vRu_njh{zÀdhRzV{,]vd^jh`,y.dhlO{
§jhla{Bd/VU{uwÔ£
rlOT¢V
VUbBdhjh_MR,_ajhwc_njhV!laOy%]{,wz`,yVw¿f
]^R,_aj^{z¢{,]vd^V_awlnjhVUtzyK_dh{z¢dhRzV¡]vd^jh`,y.dh`zj^V]0`
_aj^,dhjh_nd^la{ {OdhVUjhV_ñº{z§lajdhRzVswz_ndh_ﬂyU_OyRzVa
/wcVKj{,]vd^jh`,y.dhlO{§VUdhyR t,_nd^R /wcVUj
T¡`,½
dht,VUblOjh] Vbdhjh_»{,]gdhj^`uy.d^la{ z` :VKjh]:V§lOj^V
wzVKylcwcV§lOj"dhRzV{,]gdhj^`uy.d^la{»§jhla{Bd¡VK{,wÔ£
QRB`u]U
]^R,_aj^{zY{,wz`,yV]k]vlOTV/Vbd^j_xyU_ayR,V_OyUyUVK]h]2dhTV
_a{,w!d^RzVKj^VU§lajhVx]^OROdhf%wcVUVKtuVK{,]d^R,VYt,t:VU{,Va£
rlOT¢V>:VU{,V
¹
d]0§jhlaT dhRz]¿]^R,_njh{, _atzt:VK_nj
B`zd^V dhRzVÈ]^_aT¢V _ñf §laj ulad^R$]vd^jh`,y.dh`zj^V]U£
Ó#jh]vdKla{zVyK_n{À_n]vl
{ºaVK]vd"{À_¼]^{zaV]vR,_aj^Vw
]vd^jh`,yd^`zjhV d^RzV d^ladh_a¼R,_njwc_njhVz`,wzaVd>dhR,_d
]^RzlO`zw Ru_ñºaV:VUVK{]vt:VU{Bdla{>jhVUtzyK_dh{z8]vVKºO½
VKjh_a®ylOtzV]lnd^RzV"]vd^jh`,y.dh`zjhVa£kQRzV"wz_ndh_yU_OyRzVa
dhRzV{,]vd^jh`,y.dhlO{ yK_ayRzVO¦dhRzVzj_n{uyR8tzjhVKwzyd^laj
yK_n{:VeTtzVKTVU{Bd^Vw/d^R_njhaVKj¦yU_at,_ayUdhV]k{
yUlaTt,_aj^]vlO{
/dhRMwc]gdhj^z`cdhVKwM]gdhj^`,yd^`zjhVK]K£xÓzlaj
V_ayR
]gdhj^`uy.d^`,j^VOd^RzVxdhlndh_a®yU_at,_ayUdgf]s]^R,_njhVKwÔ£
pÈ]^VKylO{,w»uVK{zV
¹
d¡ln/]vRu_njh{z
]xd^R,V!]vTtz½
¹
yU_dhlO{±ln<v yK_ayRzV_OyUyUVK]h]U£$ÓzlOj{,]gd_n{,yUVa
/d^R _}a½­_ñf´B©µ:d^R,V v#yK_ayRzVT¡`,]vd_njhz½
dhjh_nd^V/:VdgqVUVK{j^V O`,VK]vdh]§jhlaTd^RzV/§lO`zjk{,]vd^jh`,y.½
dhlO{¡yU_OyRzVK]_n{,wYdhRzV*§la`zj#wz_d_eyU_OyRzVK]¦«§tz`,]d^RzV
]^fc]gdhVUT z`,]#_n{uwxd^RzVqTVUTlajhfYz`,]³.£ko*laRzVKj^VK{,yf
T¯`,]vd#_n]^le:V¦T_n{Bdh_n{zVwﬂuVUdg*VKVU{¡d^RzV=vkW¦w,_dh_
yK_ayRzV]U£QRzVUjhV§lOj^VGdhRzV*d^lnd_n_ayKyVK]h]ÔdhTV*d^ld^RzV
v#¢yU_ayR,VY]la{zOVUjla{
´B©Bµd^R,_a{lO{´BÂz¨OÃ6£
×qVU{zV
¹
dh]layK_ayRzVﬂ]^R,_njh{z¢_aj^VYaºaVK{%:VUlﬂ£
WO£Á>RzVU{_T¡`zd^tzjhlaaj_nTTVKw qlajhØlB_aw8]
VU{,yUla`z{Bd^VKj^VwÔKd^RzV¦yK_nt,_Oydgfe]2wcf{,_aTyK_nf
]vR,_aj^Vw¡_aT¢lO{zd^RzVswc 6VUjhVU{BdGtzj^lcyUVK]h]vV]U£¤¥{
rVKyd^la{!},c*VY/Ô]vVKVedhR,_dqd^R,]]^dh`,_dhlO{
]¦T¢lB]gdqln÷dhVU{:VU{zV
¹
y_nu§laj*tuVKjv§lOj^T_n{uyVa£
z£Á>RzVU{ÀdhRzVqlajhØBlO_Ow]¡_¼]^{zaVtzjhlyUVK]h]U
d^Rz]]vd^`u_d^la{ ]yVK_njhf»:VU{,V
¹
yU_as]v{,yV
ö#"/w®ö%$
 
b
d^RzV tzjhlyUVK]h]MyK_n{ VbctzladMdhRzV /RzlaV8jhV½
]vlO`zjhyUVa£

£Á>RzVU{ _tu_nj_nVK%qlajhØlB_aw ] VU{,yUla`z{c½
d^VUjhVKw®B]^R,_njh{zx]q_n]vlﬂ:VU{,V
¹
yU_a<£¤¥{,]vd^jh`,y.½
d^la{,]_aj^V]^R,_aj^VwÔ<£ Va£ V]^]d^ladh_nyU_ntu_ay.½
dgf
qla`zw¼:V¡{zVKVKwcVwÔÔ_n{,w¼t,j^VU§VdhyR,VKw¼f
_dhRzjhVK_aw¿§laj_a{zlndhRzVUjlO{zVa£>QRzV¼,jh_a{,yR
tzj^Vwcy.d^la{]vd^jh`,yd^`zjhVK]*_njhV/q_aj^TVKw¢f¢d^RzV
lnd^R,VUjt,_nj_nVUqd^RzjhVK_Owz]¢/RzVU{ alau_nRz]g½
d^lajhf]hyRzVUTVK]x_aj^V¢`,]^VKwÔ£QRzVwz_d_
yU_ayR,V
uVK{zV
¹
d]®§jhlaT±]^R,_njh{zs_n{,w"tzj^VU§VdyRz{,/§laj
j^V_aw½·la{zfwz_ndh_¼_a]ﬂd^RzV{,]vd^jh`,y.dhlO{0yU_ayR,V
wclVK]K£ lajhVUlºaVKjKOla{_¯´B©µtzj^lcyUVK]h]vlOjKOd^RzV
wz_d_¿yU_OyRzVK]%ln¡d^RzVÀwc :VKj^VK{Od
tzjhlcyVK]h]^laj]
R,_ñºaV¿d^l uV T_n{Bdh_n{zVwylORzVUjhVU{Bd£
Ù
{
´OÂz¨OÃ6dhRzVUjhV*]#{zlx]v`,yR¡{zVUVwﬂ§lajT_n{Bdh_a{c½
{zwz_ndh_¢ylaR,VUjhVU{,yUfa£QRB`u]*u_n{,wc/wdhR%lO{
d^RzV v¦W½ v¯yU_ayR,Vz`u]/]e]^_ñºOVKwÔ£
}u£Á>dhR_¿]^R,_aj^Vw T¢VKTlajhf T¯`zd^tzj^lcyUVK]h]vlOj
_n{,w%d^R,VUjhV§lajhVx/dhR¼_´O©µ6d^R,VﬂT¢aj_dhlO{
lnG_tzj^lcyUVK]h]q§j^lOT_tzjhlcyVK]h]^laj kd^ltzjhln½
yVK]h]^laj  Mqla`,wj^V]v`zd
{ _8]^a{z
¹
yU_a{Bd
tuVKjv§lOj^T_n{uyVlB]^]Gwz`zVd^l"_x{zVK yUlaw¯]vdh_ajvd
/dhRÀyK_ayRzVTVUTlOj^f»_n{,w»zj_n{,yR»tzjhVKwcy.½
d^la{]vd^jh`,y.dh`zjhVK]K£
Ù
{ _¿´BÂz¨OÃ¿tzjhlcyVK]h]^laj
d^Rz]]^d^`,_nd^la{"]#{zlnd_n{"]^]^`zVO£pe]2d^R,V*tzjhln½
yVK]h]^laj]s]vRu_njhV"d^R,V¢yK_ayRzV]U:TOjh_nd^la{¼ln¦_
tzj^lcyUVK]h]k{,y`zjhVKwf¢d^R,V
Ù
rwzlBV]k{zlad*VK_Ow
d^l¿yUlaw>]gd_nj^d!tuVK{,_nd^VK]!la{ dhRzVTVUTlOj^f
RzVKjh_ajhyRfO£
°Û

ß
Ł
Ü

ß

ﬁ
K
Ûﬀ

Ü
Ù
{ _¿´O©µ6¦]^{zllatc½
{z8T¢VKTlajhf _OyUyV]^]^VK]!]_n]^l¿`,]^VKw dhl¿T_n{c½
d_n{yla{u]v]gdhVU{,yUf"la{¢dhRzVs]vt:VKyU`z_d^ºaV/lO_Owz]G_n{uw
]vd^lOj^V]"{Bd^VUjh{,_a*dhlV_ayRtzjhlcyV]^]^laj¢ylajhVK]K£
Ù
{
´BÂz¨OÃqV¼VU{c§lOjhyUV¼j^V_aw _÷dhVUj!jhVK_Ow wcVUt:VU{,wzVU{c½
yUV]#la{"dhRzV/]^_aTV*TVUTlOj^fxlyK_dhlO{¡{,]vwcVVK_OyR
t,j^lcyV]^]^laj£2QR,_ndk]Ka/R,VU{zVKºaVUjdgqlﬂ]vt:VKyU`z_d^ºaV
lO_Owz]lO{>*lOjhw lcyUy`,j!la`zd%lnﬂlOjhwcVKj!{,]^wcV
_¯tzjhlcyVK]h]^lajadhRzVﬂ]vVyla{uwlO_aw!]/] B`,_a]^RzVw!_n{uw
jhV½·]^]^`zVKw®£2QRz]G_nls]d^lYVU{u]v`zjhV*d^R,_ndG_a{f«§Vb½
dhVUjh{,_n÷³*/j^d^VﬂlO{ E]vVKVU{
fd^R,V
¹
jh]vdslO_aw%/
:V]vVKVU{"fxd^R,Vq]^VKyUla{,wﬂlO_OwÔ£2QRz]#]yUla{,]^]vd^VK{Bd
/d^RÀdhRzV!petzRu_rR,_aj^Vw VUTlajhf¼lcwcVK«Ò]^VUV
yRu_ntcdhVUj ﬀ]vVy.dhlO{~¢{$ZW3b]\÷³£
 
  ,"   "%*,.  +-$&
QR,Vd^ladh_a*VUbVy`cdhlO{0,_n{uwc/wcd^R¿la/d^RzV
´BÂz¨aÃ
t,j^lcyV]^]^lajtzjhVK]^VU{BdhVKw
_n:lºaVx]/{
tzj_ayd^yVﬂT¢½
d^Vwf¼dh]x{,]gdhj^`uy.d^la{§VdyR,_a{,wc/wd^R®£¯ÁMV
Ru_ñºaVx_a]h]v`zTVw!dhR,_de_]^{,aVY,lcyØlayUla{Bd^a`c½
lO`,]{,]vd^jh`,y.dhlO{,]]§VdhyR,VKw±t:VUjÀyfcyVa£Ózlaj
T_a{Bf0_atztzyK_d^la{u]U#d^R,V_ñºOVUj_naV]^kjUV!lae]v`uyR
,lcyØc]]{,lndsRzaRzVKjqd^R,_a{ p¯dhl¼Wc£
^slqVUºOVUjxd^RzVKfE_njhVt:lO]h]vzd^VK]§laj»]vR,_ajv½
{z0jhVK]^la`zjyV]VUºOVU{ ﬂdhlnd_ns]^]^`zVu_n{,wc/wdhR
]¯RzORzVUj£ÀÓzlaj¢{,]gd_n{,yUVak__aj^OVUjﬂdhlndh_a*]h]v`zV
u_n{,wc/wdhR yUla`zw:V
lacd_n{zVKw§j^lOT _M]^{,aV
{,]vd^jh`,y.dhlO{¼yU_ayR,VdhRzjhla`zORMWñ³q`,]vVﬂla_a{
{Bd^VKjv½
VK_ñºOVKwx,_a{zØﬂ]gdhj^`uy.d^`,j^V]_a{,wﬂVUd^R,VUj§VdhyR,{ze§laj
dgqlÀwc]vd^{,ydt,j^lcyV]^]^laj]"lO{ _»]^{zOV
yfcyUV
laj
§VUdhyRz{zdgql«ÒtulB]^]^,fz³/{,la{c½¥ylO{OdhO`zla`u]§VdyR
,lcyØc]%«<_a]¯la{ pstzR,_ lonap ZW
 
\§³"lOjO³ﬂ`,]^V%la
dhjh_OyVﬂyU_OyRzVK]qZW ﬀh\·£
 6VUjhVU{Bd*_ñfc]Gln®jhVK]^la`,jhyUV]^R,_aj^{z¡yK_n{_n]^l
:Vyla{u]vwcVUjhVKw®£ÓzlOje{,]vdh_n{uyVa6/d^R»_§la`,jeVb½
Vy`cdhlO{8yUlajhVK]¢yRzt2*_Mt,_nj¯la_awmv_ayVK{BdyRzt,]
yUla`zw ]^R,_njhV dhRzV {,]vd^jh`,yd^la{ §jhla{Bd^½­VK{,w _n{uw
la{,n½·_nd^VU{uyf§`z{,yd^la{,_a®`z{zdh]K£
^slqVUºOVUj!d^RzV»tz`zjhtulB]vVMln"dhRz]%tu_nt:VUj]%d^l
`,]vd^j_dhVdhRzV0Vbc]gdhVU{,yUV0_n{,wºB_n,dgfln¯{c½
dhVUjhTVKwc_dhV
wzVK]^O{¿t:la{Od]uVUdg*VKVU{ ´B©Bµc]_n{uw
¨O©ªc]U£Plkbt,lOj^{z/dhRzV¦/RzlOV*wcVK]^O{"]vt:VKyd^jh`zT ]
lO`cdlnÔd^R,Vx]hylOtuVln®dhRz]*tu_nt:VUj£#QRzVKj^VU§lajhVaB*V
/*Td¢lO`zj¯]vd^`uwcf»d^lM´BÂz¨OÃMt,j^lcyV]^]^lajﬂ/d^R
dhlnd_n/VbcVy`cdhlO{8,_a{,wc/wd^R>laVKOROd{,]vd^jh`,y.½
dhlO{,]st:VUjxyfcyUVO,dhR,_dY]eVUd^RzVKje§lO`zjY½­_ñfVb½
Vy`cdhlO{yUlajhVK]lOj*dgql}n½·q_ñfVUbVy`cdhlO{¼ylajhVK]K£
w*w õ]xzy{|{|}
W  Ï
	

UÉ
 

 
(Uﬀx1" ﬃñﬁﬀ

 1ﬂﬁ
ﬀ"ﬃ

q1ﬃ%1¡(1"


 $/  , &+ 
.0,""%
2+ .0
 )(
	
$ +-/  
 &"
Á»V ]vT¡`z_dhVKwEdg*l ,_a]^y¿ylO{
¹
O`zjh_nd^la{,]§laj
:lndhR ´BÂz¨OÃ0_n{,w ´B©Bµ6_Mdg*l»}n½·q_ñf»VbcVy`cdhlO{
yUlajhVtzjhlyUVK]h]vlOjh]«<´BÂc¨OÃ
u´B©µ
³Y_n{,w0_¼§la`zj
½­_ñf VbcVKyU`cd^la{¾ylajhVt,j^lcyV]^]^laj]«<´BÂc¨OÃ
6
´B©µ
c³£
´BÂz¨aÃ_a{,w´O©µ!wz 6VUj/f `

QRzV
¹
j]vdv½·VKºaVU {,]gdhj^`uy.d^la{ _n{,w w,_dh_
yU_ayR,VK]¦_a{,wdhRzVYz`,]^VK]*d^l¡d^RzVﬂ]^VKylO{,w½·VKºaVK
yU_ayR,V u

QRzVe{zlO{c½·tzt:VU{zVKw{Bd^VUOVUj*`z{zdx«Ò`,]vVw¢§laj
ylaTtzVb%{,]vd^jh`,yd^la{,]/]^`,yR
_a]kÕ^wcºwcV.Öv³|u

QRzVÈ{zla{z½­tzt:VU{zVw ,lO_nd^{zn½·t:la{Od±`z{,d
«Ò_nB_n{ `,]vVw¾§lajyUlaTtzVb¾{,]vd^jh`,yd^la{,]
]v`,yR_a]ÔÕ^wcºBwcVÖ_n{uwYÕ^] B`,_aj^VqjhlBlad#VUbd^j_ay.½
d^la{Öv³|u

QRzVxzjh_a{,yRtzj^Vwcy.d^lOjK£
QRzV0ylO{,]^wcVKj^VwTVKT¢lOj^f>R,VKjh_ajhyRf>]¼wcV½
]hyjhuVw{ Q#_nzVÈWn£ QRzV±zj_n{,yR tzjhVKwcy.½
dhlaj/]s_n{
Rfzjhw
]^ØaVUqVKw%tzjhVKwcy.dhlajea×qy½­B]vØOVU
ZW3pz¦W
 
\­£¼QRzVzj_n{uyR»t,j^Vwcyd^lOj"`,]^VK]x§lO`zj¯~a}
x,d]s]vRu_njhVKw!dh_n,V]s_n{,w
_
 
,d]/ala,_aÔRz]g½
dhlajhftuVKjqd^RzjhVK_Ow{´BÂz¨OÃ:/RzVKj^V_a]*VK_OyR!lnd^RzV
§lO`zj¦t,j^Vwcyd^lOjh]¦{!d^RzVY´O©µ¢`,]^VKw§lO`zjW~xzdh]
d_nzVK]/_a{,w_cWYzd]/alau_n6Rz]gdhlajhfa£
QRzVlndhRzVUjt,_ajh_aTVd^VKjh]#_njhVylaTTla{¡d^lﬂ´BÂz¨aÃ
_a{,w ´B©µ6£*´BÂz¨aÃ
0_a{,w ´B©µ
8yU_a{>]h]v`,VM_n{uw
jhVdhjhV}M{,]vd^jh`,y.dhlO{,]¢tuVKjyUfcyV%{8V_ayR ylajhVa£
l*_ayRÈylOj^V §V_d^`,j^V]Àdg*l±]^TtzVK]¿Â,]Kla{zV
yUlaTtzVb0Â>«§§laj¯d^RzVº_njhlO`,] iav {,]vd^jh`,y.½
dhlO{,]³.ñdgql]^TtzVK]µz]Kla{zVqzj_n{,yR"wc]^t,_dyR
`,{zdÔ_t,_njYlnkTVUTlajhf
_ayUyUVK]h]/`z{zdh]«<yU_n{
dhln½
OVdhRzVUj¢VUTd¢lO{zV%lO_Ow_n{uw0la{zVlO_awlaj]gdhlajhV
t:VUjYyfcyV³,lO{zV¡ylOTtzVUbÂÀ«§§lajed^RzV"º_aj^la`,]
{Bd^VKaVUj%e¤ n{,]vd^jh`,yd^la{,]³_n{uw la{zVyUlaTtzVb
µ!«÷§lOjd^RzV/Óe¤ n _a{,w¡ÓGrYZQ¿{,]vd^jh`,yd^la{,]³.£
QR,lO]^VY_a]vddg*l_aj^Vx]vRu_njhVKw%Bf%_nÔd^RzVﬂyUlajhVK]{
dhRzV"´BÂz¨aÃt,j^lcyV]^]^laj£
QRzV§la`,jylajhVK]yUla{
¹
O`zj_d^la{u]¯yUla`zw¿]h]v`zV
_a{,wj^VUd^j^V0{,]vd^jh`,y.dhlO{,]tuVKjyfcyVÀ{ VK_OyR
yUlajhVa/dhR0d^RzV%]^_aT¢VTb»las_ñºñ_a_n,VVUbVy`c½
dhlO{`,{zd]¼{ V_ayR ylOj^VMd^R,_a{±_n:lºaVa£)l¦_OyR
yUlajhVyU_a{ ]v`zt,tulOjvd`zt>d^l

À{ ,aRBd!{,]vd^jh`,y.½
dhlO{,]K£ QRzV>jhVUO]vd^VKj0,_n{zØc] «­ tuVKj0d^R,j^V_awÔ
lO{zV%§laj ,lO_nd^{zn½·tulO{Bdj^VKa]gdhVUjGla{zV!§laj{OdhV½
OVUj/jhVUO]vd^VKj³*R,_ñºOVVK{zla`zOR
j^VK{,_nT{zj^VKa]gdhVUj]
dhl¯jhVU{u_nTVY_a6{c½ ,ORBdq{,]vd^jh`,y.dhlO{,]U£GQl¢_ñºOlaw
]^T¡`z_dh{zd^RzV
]^tz½·_a{,w½
¹
q]vfc]vd^VKT ylcwcV%_O]g½
]^lcy_dhVKw»/dhRÀd^RzV¨aµÂﬁﬀc´
/{uwcl*Vw»j^VKa]gdhVUj]
Zåad\­_n{¯Õv{
¹
{zd^VÖ/{`zT¯uVKj*laÔ/{,wzls]k_a]¦_O]g½
]^`zTVKw®£
QRzV {u]gdhj^`,yd^la{È§VUdhyR VU{zO{,Vwc :VKjh] :V½
dgqVUVK{´BÂz¨aÃ_n{,w¼d^RzV¯j^VU§VUjhVU{,yUV¯´B©µ:£:QRzV¯yUla{c½
ºOVU{Bd^la{u_nn´B©µe]2_n,Vdhl/§VdyRﬂ}"«÷§laj2d^RzV¦}sylajhVK]
yUla{
¹
a`zj_dhlO{u³¢lajp«÷§lOj!dhRzV»¿ylOj^V]ylO{
¹
n½
`,jh_nd^la{u³"{,]vd^jh`,yd^la{,]¯tuVKjyfcyVaGVKºaVUjhfÀyfcyVa
§lOjxVK_ayRMtzjhlyUVK]h]vlOjK£"´BÂz¨OÃ¼yU_n{§VdyRM`ztMd^lÀW~
yUla{,]^VKyU`cd^ºaV/{,]vd^jh`,y.dhlO{,]Kaz`cd*la{zf¯lO{,yV/VKºaVKj^f
§lO`zjyfcyVK]¡§laj_M]v{zaVtzj^lcyUVK]h]vlOjK£ÀQRzV
´O©µ
§VUdhyR>VK{za{zV]]^aRBd^f T¢lOj^V¼V0syVU{BdK/_a]!d
]^` 6VUj]sVK]h]/§jhlaT ]vRzlOjvd,_a]^y"zlcyxdhVUjhT{,_nd^Vw
f_xdh_aØaVK{¢,jh_a{,yR®£1slndhV/d^Ru_d¦dhRzVs{,]vd^jh`,y.dhlO{
§VUdhyRVU{zO{zVÀ_a]h]^`zTVKw>§lOj¼´O©µ ]%ºOVUjhf latcdh½
T]gdhya£Yp/yKy`zj_dhV¡zj_n{uyR¼tzj^Vwcy.d^la{{_%]v{c½
OVMyfcyV]!{zlad!T¢t,VKT¢VK{Bd^VKw la{>tzjhlcyVK]h]^laj]
ØaVrlon~ §lOj¼{u]gd_n{,yUVa£ ]^t,_ndhyRz{z ln¢d^RzV
{,]vd^jh`,y.dhlO{,]"]¡wzla{zV%la`cd^½­la÷½­lOjhwcVKjx§j^lOT¾_

ñ½
{,]vd^jh`,y.dhlO{ B`zVK`zVa£
QRzV ]^T¯`z_d^Vw tzt:VU{zV ]À`u]gdhjh_nd^VKw lO{
Ó#a`zjhV!},£M¤¥{¿d^Rz]
¹
a`zjhVa#dhRzV%Oj^VKf»_aj^V_a]¯_njhV
_aO_a{>dhRzlO]^V0]vRu_njhVKw>f>dhRzVÀtzj^lcyUVK]h]vlOj%ylOj^V]0`
lO{zfx_Y]^{zOVqylOj^VqyU_n{¢wcl_a{¡¤¥{,]vd^jh`,yd^la{¯Ó,VdyR
{ _OºOVU{ yfcyVa£ QRzV ¼VUTlajhfEp/yUyUVK]h]»]
_a]^l8]^R,_aj^VwÔe]vdh_nj^d^{z8/dhRdhRzVMVUºOVUWMw,_dh_
yK_ayRzV"«<_awzwzj^V]^]GyUlaTtz`cd_d^la{]¦]vd^,tzjhº_nd^Vd^l
_ylOj^Vñ³.£2pelndhRzVUj#tztuVK{zV]gd_nOVK]¦«Ò¤¥{,]vd^jh`,y.dhlO{
ö#"/w®ö%$
 
WOW
o*lOTtulO{zVU{Bd v_d^VK{,yf ]vkjUV _O]^]^lcy_d^ºdgf
v2VUºOVU6la{zV"w,_dh_yK_ayRzV

«·oqpr ^Y³ W pﬂ× «­oqprz^/½·}B³ }¼«Dv2Z=i³
~n} ﬂ×±«­oqprz^/½ga³ pn½­_ñf,_a{zØaVw
«·o ¼i*³

 ﬂ×>t:VUjsylOj^V«·o ¼i*³
v2VUºOVU6la{zVﬂ{,]vd^jh`,y.dhlO{yK_ayRzV W ~n} ﬂ×«·oqpr ^s½­}³ «Dv2Z=i³

 ﬂ×«·oqpr ^s½¥O³
WK~ ﬂ×>t:VUjsylOj^V«·o ¼i*³
v2VUºOVU:dg*lyK_ayRzV W ﬀ%«­oqprz^³ × }¼«Dv2Z=i³
W
 
«·o ¼i*³
_n{%TVUTlOj^f W ﬀn {
¹
{zd^V {
¹
{zdhV
Q#_n,VW `ﬀv_dhVU{,yUV]/_n{,w]vkjUV]q§j^lOTÈd^R,V"ylaTt:la{zVK{Bdh]ln#d^R,VﬂT¢VKTlajhfRzVUj_njyRBf
VKyUlcwcVa!ZsVUa]vd^VUj8Z/VU{,_aT{z

¤¥{,]vd^jh`,y.dhlO{
]vt,_ndhyR® lGbcVKyU`cd^la{®:¤¥{,]vd^jh`,y.dhlO{Z/VdhjhV³s_njhV
t,j^º_d^VO£2QRzV*T¢{zT¡`zT T]^tzjhVKwcy.dhlO{ﬂtuVK{,_ndgf
«§§VdyR"d^l§VdyRu³2lnu_T]^tzjhVKwcy.dhVKwﬂzj_n{uyR"]qW~
yUfcyVK]Kudhl¼_ayUyUla`z{Bd§lajY§`zGtzt:VU{zV ,`,]^RM_n{uw
jhVKyUlºaVKj^flnz/jhla{za½­t,_nd^R"{,]vd^jh`,y.dhlO{,]q«÷d^R,Vq]^T¢½
`,_nd^lajY§VUdhyRzV]xz`cd¡wclVK]x{,lnd¡]^T¯`z_nd^V/jhla{za½
tu_d^R¡{,]vd^jh`,yd^la{,]³.£ slndhV¦dhR,_dla{¯_sT]^tzjhVKwcy.½
dhlO{®_s´BÂz¨aÃylajhVG_ndh]Ô§lOj®dh]{zVbd2{,]vd^jh`,y.dhlO{
§VUdhyR]^lndKuj^V]v`,dh{z!{`,t
d^l

Vbd^j_tuVK{,_ndgf
yUfcyVK]K£
 

 $/  
    + 
  ﬂ
rcT¯`z_nd^la{ j^V]v`zdh] jhVUt:laj^d^Vw {'dhRz]$t,_½
t:VUj¿*VKj^V>lOcdh_a{zVw `,]^{zE_y`,]vd^lOTyfcyV½
_OyUyU`zjh_nd^VOOdhjh_OyVU½·wcjhºaVU{%]vT¡`z_dhlaj£ﬀlGbcVKy`zd^la{,]
dhjh_OyV]qVUjhV Vbd^j_ayd^VKw `,]^{z dhRzV	
		
dhlla]vVUd3Z pd\­¯,_a]^VKw lO{ d^RzVoZWU}]\]vfc]vd^VUT

_a{,w¢d^R,VU{§Vwd^lﬂdhRzV]^T¡`z_dhlaj£
	¯]¦_a{
{,]vd^jh`zTVU{Bdh_nd^la{]vfc]vd^VUT j^`z{,{z{,¢lO{
rct,_njynqb
Ru_njwcq_aj^V
dhR,_d{uy`,wcVK]_n{>VKT¡:VKwzwzVKw>§`,{,y.½
dhlO{,_n/]^T¯`z_d^lOj¯laedhRzVrt,_njynqb{,]vd^jh`,y.dhlO{
]^Vd£GQRzVeVKT¡:VKwzwcVw]^T¯`z_nd^lOj*_nls]G§laj¦Ò_a]vdv½
§lOj^_njwc{z¯d^Rzjhla`zOR¼`z{z{Bd^VUjhVK]vd^{z]^VKyd^la{,]/la
yUlcwcVa]^`,yR"_a]®d^RzV*{zd^_nkjK_dhlO{"tzR,_O]vV¦ln,_/tzjhln½
Ojh_aT
£»QRz]¯§VK_nd^`zjhV%_als]ﬂdhl»]^T¯`z_d^V%la{zf
dhRzV»`,]vVU§`zﬂylOT¢t,`cdh_nd^la{,_aet,_ajvd
lnﬂdhRzV»yUlcwcVa
_a{,wdhRB`u]*R,VUt,]¦lOcdh_a{,{z¯TlajhVe]va{,
¹
yK_n{Bd*jhV½
]^`zdh]K£
QRzVY]vT¡`z_dhVKwVUbcVKy`zd^la{ylOj^V]kqVUjhVsRzaRzf
wzVdh_aVKw®£
QR,j^VKV]vTtz
¹
yK_d^la{u]"qVUjhVT_OwcVu
¹
jh]vdK*tuVKjv§Vy.dTVUTlajhfwc]^_aT¡za`u_d^la{fue]^VKy.½
lO{,wÔzt:VUj^§VKydsd^j_n{u]v_dhlO{%llaØ_a]^wzVY,` :VKje_n{uw
dhRzjhwÔY_t:VUj^§VKyd%jhVd^`,j^{_OwcjhVK]h]vV]!]vdh_ayØ6£
Ù
{
lO`zjﬂ:VU{,yRzT_aj^Ø»]vVUdKd^RzV]vVdhRzj^VKV!ylOTtulO{zVU{Bdh]
j_njhVUfT]h]/RzVU{
jhVK_O]vlO{,_nzf]vkjUVwÔ£kps®lndhRzVUj
§V_dh`zj^V]ﬂqVUjhV_OyUyU`zjh_nd^VKfTlcwcVKVwÔ{,yU`,wz{z
yUla{Bd^VK{Bd^la{la{d^RzVºñ_aj^la`u]kz`,]^VK]¦d^l¡d^RzVYwc :VKjv½
VK{BdVUºOVU]ln#d^RzVﬂTVKT¢lOj^fR,VKjh_ajhyRfa£
ikjhlOj"dhlMVUbVy`cdhlO{®kyU_OyRzVK]¯_n{,wtzj^Vwcy.d^lOjh]
qVUjhVE_njhTVKw f j^`,{z{z{zﬀﬂﬁ TlO{,]{c½
]vd^jh`,yd^la{,]Gla:V_ayR:VU{,yRzT_aj^Ø«§{OdhVUjhV_ñºaVw¡f
yR`z{,Ø]lnﬃﬂ d^RzlO`,]^_a{,wz]{,]vd^jh`,yd^la{,]³   UÐ
]^Øt,tz{,xd^RzV{zd^_nkjK_dhlO{tzR,_a]^Vsla:dhRzVe_atztz½
yK_dhlO{®£rVUdh]lnz:VU{,yRzT_aj^Øc]ÔqVUjhVkjh`z{xd^lOaVdhRzVUj
`,{OdhBdhRzV*yUlaTtzVd^la{¡ln,_dVK_a]vd"!#ﬁsTlO{,]2{c½
]vd^jh`,yd^la{,]{
VK_ayR%uVK{,yRzT_njhØladhRzV"]vVUdK£
QRzVVUbzyVUtzd^la{>_a]dhRzV]^T¯`z_d^la{>laﬂd^RzV
V:Vy.dﬂlnylO{OdhVbdh]x]^/dyRzVK]3`YVK_ayRMd^R,j^V_aw_a]
dhRzVU{j^`z{ dhl$%ﬁT¢la{,]!{u]gdhj^`,yd^la{,]Kd^l8uV
_azVdhlR,_ñºaVYjhVK_a]^la{u_nzflO{z¢d^T¢VU½·]^yUVa£
 & &.

/ +' "% 
Ù
`,je:VU{,yRzT_aj^Ø¼]^Vd]Y_!]^`z,]^VdlaGd^RzVriolo
o*iinOa¢:VU{,yRzT_aj^Ø]v`zd^V%«gWK§j^lOT d^R,VÕg{c½
w*w õ]xzy{|{|}
Wñ  Ï
	

UÉ
dhVUOVUjvÖ ]v`,,]vVUdK_a{,wWK§j^lOT d^RzV Õ ,lO_nd^{zn½
t:la{BdgÖ]v`,,]vVUd³£ peY:VU{,yRzT_aj^Øc]qVUjhVylOT¯½
t,VKw¢`,]^{,xd^RzVer`,{o¿_n{uw¢Ó,laj^d^j_n{ylOT¢t,VUj]U
d_njhaVUd^VKw
_nded^R,V¡º pntz`,]]v`zu_njyRzdhVKyd^`zjhVaz/d^R
½­b
Ùq
_n{,w¼½<Ò_O]gdYlatcdhTkjK_dhlO{,]/§lOjxo _a{,wÓzlOjv½
dhjh_a{%jhVK]^t:VKy.dhºOVUfa£
Á>d^R%_¡}¡VUbVy`cdhlO{!ylOj^V]*yUla{
¹
a`zj_dhlO{®,W
{Bd^VKaVUj
}a½<dhRzj^V_aw*lOj^ØlO_aw,]!_n{uwW ulO_dh{,
t:la{Bd}n½­d^RzjhVK_OwqlajhØlB_awz]MqVUjhV yUla{,]^wcVUjhVKwÔ£
l*_ayR:VU{,yR,T_aj^Ø¼_atztuV_nj]s{}%*lOj^ØlO_aw,]U£ep
]^Vdln¡yRzlB]vVK{ TbcVw Ó#i ñ{BdqlajhØlB_awz]_a]
_a]^l¢j^`z{2£
Á>d^RÈ_±VUbcVKy`zd^la{ ylajhVK]ÀyUla{
¹
O`zj_d^la{2
W¢{Bd^VKaVKjeñ½­d^RzjhVK_Ow!qlajhØlB_awz]_n{uw ﬀ ulO_dh{,
t:la{Bdeñ½­d^RzjhVK_Ow!qlajhØlB_awz]**VKj^VxylO{,]^wcVKj^VwÔ£
¤¥{ _aw,wcdhlO{$d^l j^`z{,{z{, §`zf T¡`,dhtzjhln½
Ojh_aTT¢VwqlajhØlB_awz]K qV$_n]vl j_n{ VKºaVKj^f
:VU{uyRzT_njhØ¯_nla{,V/la{d^R,V/§la`zjqylO{,]vwcVKj^Vw¢yUla{c½
¹
a`zj_dhlO{,]U£ QRz]_nls]¯d^l0yUlaTt,_njhV
]v{zaV½
dhRzjhVK_aw%:VUR,_ñºlajlns´B©µ_n{,w
´BÂz¨aÃ6£
  +-ﬀ 
+-/ .0 .0
&/1+-#" 
 
 


)&

  
Óu_nj2t:VUj^§lajhT_n{,yUVkylaTt,_aj^]^la{xlnzR,_ajhwzq_aj^VVb½
t,lOdh{zdhRzjhVK_awc½­VUºOVU®t,_ajh_aVU]vT ]e_wztsy`,d
]h]v`zV>«<]vVKVÀ§laj{,]vdh_n{uyV ZWK~d\§³.ﬂ`,]^{z _ñºaVKjh_aaV
¤¥io T_ñfVK_aw!d^lz_a]^VKw!j^V]v`,d]qd^l_njwz]¦R,OR
¤¥io _atztzyK_d^la{u]U£
¤¥{lOjhwcVKjsdhl!aVUd_º_awylOTt,_njh]^la{
laktuVKjv½
§lOj^T_a{,yV]UGqV%yRzlB]vV!d^lÀylOT¢tu_njhVd^RzV
VUbVy`c½
dhlO{ﬂd^TVK]#tzjhlcyVK]h]®t:VUj#tzjhlcyVK]h]2_a{,wx§lOjVUbc_Oy.dhf
dhRzVﬂ]^_aTVY]^yVxla2d^R,Vx_atztzyK_dhlO{M«§­£ Va !#ﬁ¡T½
la{,]*{u]gdhj^`,yd^la{,]*lnÔdhRzVd^RzjhVK_Ow,³.£QR,_d]UO§laj
_aºaVK{"dhRzj^V_awÔn]vdh_nd^]gdhyK]*VKj^V*Vbd^j_ayd^Vw¡_÷dhVUj
dhRzV
¹
j]vd ! ﬁ»Tla{u]{u]gdhj^`,yd^la{,]R,_ñºaV
:VUVU{
VUbcVKy`zd^VKw `®d^R,VeylOT¢t,VUd^V/ajhla`,t¢la::VU{uyRzT_njhØ]
yUla{Bd^{`zV*d^lYuV/]^T¯`z_nd^Vw"`z{Bd^d^R,Vq_a]vd#d^RzjhVK_Ow
Ru_a]jhVK_ayR,VKwdh]e]gd_d^]vd^yYyUlaVy.dhlO{%t:la{BdK£
QRz]GTVdhRzlcw¢_als]d^l"yUlaTt,_njhVqd^RzV/:VURu_ñºO½
lajln,V_ayR"{,wcºwz`,_nOd^RzjhVK_Owﬂla{¢´BÂc¨OÃx_n{,w¡´O©µ
§lOjs_¢aºaVU{Tb%lnuVK{,yRzT_njhØc]U£


 
(Uﬀx1" ﬁ/

(
&  $&  &+ 
 + / , ﬁ
2+'(

2/ &"
QVU{ §`,f8{Bd^VKaVUj!*lOj^ØlO_aw,]¯qVUjhV]^T¯`z_nd^Vw
lO{dhRzVx}n½¥ylajhVeyRzt,]_n{uw!V_ayR:VU{,yR,T_aj^Ø_a]
jh`z{>}¿d^T¢V]!{wc 6VUjhVU{Bd%VK{Bºj^lO{zTVU{Bdh]K£ sl
Oj^lO`ztq_O]Gt:VUj^§lajhT¢{zﬂVK{OdhjhVUf¡qlaj]^Vqjh`z{z{,{z
lO{±´OÂz¨OÃ dhR,_n{±lO{±´O©µ `e_ndV_a]vdla{zV¿lnd^RzV
:VU{uyRzT_njhØ { d^RzV ajhla`,tEtuVKjv§lOj^TVwE:VdvdhVUj
«Ò<£ Va£¯ylaTtzVdhVKwd^RzV
¹
j]gd ! ﬁ%Tla{u]e{,]vd^jh`,y.½
dhlO{,]{ _]^Rzlaj^d^VKjVbcVKyU`cd^la{ dhTV³la{ ´BÂz¨aÃ
dhR,_n{la{E´B©µ:£ikjhVKy]^VUfaﬂdgql ajhla`,t,]¼VbcRzc½
d^VwMwzVUaj_aw,_d^la{u]elO{d^R,j^VKV¢:VU{uyRzT_njhØ]K
¹
ºaV
Oj^lO`zt,]xlO{»lO{zfla{,VuVK{,yRzT_njhØ6#_a{,wMd^RzVjhV½
T_a{z{z
dhRzj^VKVajhla`ztu]ﬂ]vRzlqVKw»Ttzj^lºOVUTVU{Bd]
lO{_aÔ:VU{uyRzT_njhØ]K£
sl]^{zaVuVK{,yRzT_njhØt:VUj^§lajhT¢Vwqlaj]^V¯lO{
_aÀdhRzV §la`,jE*lOj^ØlO_Owz]U£ QRzjhVUV ln8d^RzVKT
«vWK~a},£ VjUt®s ﬀa~z£ zjUtuzYWhb
 
£ t,_ajh]^VUj.³¢t:VUj^§lajhT¢Vw
:Vd^d^VKj!la{>_]^{zaV¼j^`,{®/_n{,w f¿lO{zf _»dh{f
T_aj^O{®£
Ù
{zVs:VU{uyRzT_njhØ
«vW3p,Wa£ Tyh³kwzwdg/yV
:Vd^d^VKj¢_a{,wÀdg/yV!qlaj]^Va£×q`cd¯d^RzVj^VKT_n{z{,
]^bY:VU{,yR,T_aj^Øc]Ô_a_ñfc]ÔtuVKjv§lOj^TVw:Vd^d^VKjK_n{uw
]^laTVUd^T¢V]ﬂf»_/wcV!T_aj^O{`¡:VdgqVUVU{ !
	
_a{,w  
	§lajW
 
~,£ ByUyn*uVUdg*VKVU{ ! 	 _n{uw

ﬁ
	>§laj*W3pa~,£ yUjh_n÷dgfe_n{uwﬂuVUdg*VKVU{

	_n{,w 	
§lOj! ﬀ ﬀc£ ºalaj^d^VUbÔ*_n{ {,]gdhj^`uy.d^la{>yK_ayRzVU½­R`z{zOj^f
:VU{uyRzT_njhØ:£
Ù
{ Ó#O`zj^V ﬀ**V`,]gdhjh_nd^V%d^RzV
_ñºOVUj_nOVVUbVy`cdhlO{
d^TV"§lajed^RzV¯}jh`z{,]/§lOj_a
{Bd^VKaVUj¡uVK{,yRzT_njhØc]U£¼¤¥{_ñºOVUj_naVO®dhRzV!VUbVy`c½
dhlO{ﬂd^TV*]#TtzjhlºaVwxf	/RzVU{¡`,]v{zﬂ´BÂz¨aÃ
{,]vd^V_aw%lns´B©Bµ6£
Ó#lB_dh{za½­t:la{Bd¾qlajhØlB_awz]VbcRzzd TlajhV
Td^O_nd^VKw:VUR,_ñºlaj]U£ peﬂla¡dhRzVÀ*lOj^ØlO_aw,]
VUbzyVUtzdla{zV
tzjhVK]^VU{Bd^Vw¿TbcVKw j^V]v`,d]U£QR,j^VKV
qlajhØlB_awz]8R,_OwlO{zf la{zV±TtzjhlºaVKw uVK{,yRc½
T_aj^Ø6
¹
ºaV VbcRzzd^VwEdgql TtzjhlºaVw±uVK{,yRc½
T_aj^Øc]Kadgql¯Ru_awdhRzjhVUVYTtzjhlºaVwuVK{,yRzT_njhØc]U
_a{,w d^R,V _O]gd8la{zV t:VUj^§lajhTVKw :Vd^d^VUj8la{ _a
:VU{uyRzT_njhØ]À{ d^RzV>Oj^lO`zt®£ el±ajhla`zt wcw
qlaj]^Vﬂla{_a#uVK{,yRzT_njhØc]U£Y×qj^lOØaVU{
f
uVK{,yRc½
ö#"/w®ö%$
 
W

0,0E+00
5,0E+06
1,0E+07
1,5E+07
2,0E+07
2,5E+07
3,0E+07
3,5E+07
4,0E+07
4,5E+07
5,0E+07
16
4.
gz
ip

17
5.
vp
r
17
6.
gc
c
18
1.
mc
f
18
6.
cr
af
ty

19
7.
pa
rs
er

25
4.
ga
p
25
5.
vo
rt
ex

25
6.
bz
ip
2
30
0.
tw
ol
f
Benchmark
C
y
c
le

CMP
CASH
Ó#a`zjhV ﬀz`Gp2ºOVUj_naVeVbcVKyU`cd^la{!d^T¢Vxla2{BdhVUaVKjuVK{,yRzT_njhØc]¦{%Oj^lO`zt,]¦la{dhRzVx}¢yUlajhVK]qylO{
¹
a`,jh_n½
dhlO{,]
w*w õ]xzy{|{|}
WK}  Ï
	

UÉ
T_aj^Ø6sdhRzV»j^V]v`zdh]
_aj^V»_n]vl8T¢lOj^V»TdhB_dhVKwÔ£
Ó,la`zj¿uVK{,yRzT_njhØc] «gW~Vpz£ /`zt/]vVO¼W
 
WO£ ]^/T
WhbzWO£ §T_

w
_n{,waa,£ ]^bdhjh_OyØc³qt:VUj^§lajhTVKwyUla{c½
]^]gdhVU{Bd^f8:Vd^d^VKj%lO{ ´OÂz¨OÃ8_a{,w §la`,j!t:VUj^§lajhT¯½
{zxylO{,]v]vd^VU{Bdhfxqlaj]vVY«gW
 
c£ TajhwÔBW
  
£ _ntzt,`®
Whp

£ V O`u_nØaVﬂ_a{,w0W3p
 
£ Ò_ayUVUjhVKyK³£xW
 
p,£ B_naVKÔtuVKjv½
§lOj^TVw:Vd^d^VUjﬂlO{zfla{,yUVa®,`cd"/dhRÀºñ_aj^_dhlO{
_a_ñfc]quVKl ! 	!£*Ó#{,_nf

,Wa£ _nt,]^6TtzjhlºaVw
f±_n:la`zd 	 lO{±d^RzjhVUV8j^`,{,]/d^R la{zV8j^`,{
]^l*Vwf _n:la`cd !	£ QRzV¿_ñºOVUj_nOVMVUbVy`c½
dhlO{xd^TVklnc_n ,lB_dh{za½­t:la{BdÔuVK{,yRzT_njhØc]ÔT¢½
t,j^lºOVKw¼f¼la{,f ! 	ala{z!§j^lOT d^RzVjhVUa`,_aj
´B©µd^l´BÂz¨OÃ6£
Á»V_n]vlÈj_n{ ]^VUVKyd^VKw TbcVKw qlajhØBlO_Owz]K
/d^Rdg*l${Bd^VUOVUj _n{,w dgql ,lB_d^{za½­t:la{Bd
:VU{uyRzT_njhØ]K£ Z/VK]^`zdh]qVUjhV{ {zV¼/d^R d^RzV
lad^RzVKjh]K2/d^R0{,la{zVla*dhRzVdhVK]vd^VKwÀ:VU{uyRzT_njhØ]
t:VUj^§lajhT{,¡{zlad^yVK_azf¢qlaj]^V/d^R,_a{!`,]^`,_a<c_n{uw
lO{zV «vW3bzWO£ §T_

w,³ t:VUj^§lajhT{, uVUdvdhVUj { _
TbcVKw qlajhØBlO_OwÔ£ QRz]jhVK]^`zd]%wc`zV¼dhl0d^RzV
_njhaVKjcv¦Wﬂwz_d_yU_ayR,V{¼´OÂz¨OÃ6£
v®llOØB{z>{Bd^l]^t:VKy
¹
y8ylaTt:la{zVK{Bdh]lad^RzV
t,j^lcyV]^]^laj,qV¡{,lnd^yV¢_n{_aTlB]gde{,VUaazV¯V÷½
§Vy.dsla2d^R,V"]vR,_aj^VwVUbVy`cdhlO{
`z{zdh]/wc`zVxdhld^RzV
l §j^V O`,VU{,yUfln/]^`,yR0{u]gdhj^`,yd^la{,]K£rcR,_njh{,
dhRzVzj_n{uyR>tzj^Vwcy.d^lOjR,_O]!_ÀjhVU_d^ºaVKf ]vT_a
Tt,_ayds/dhR¼tzjhVKwcy.dhlO{
_OyUyU`zjh_OyVK]qºaVKj^f%]vT½
_nj/lO{%:lndhR¼´O©µ_a{,w
´OÂz¨OÃ6£
QRzV¢TVUTlajhf
RzVKjh_ajhyRfla{¼dhRzVlndhRzVUjYR,_n{uw
Ru_a]¡_R`zaV%Tt,_Oy.d¯lO{t:VUj^§lajhT_a{,yVO£pe]¯Vb½
t:VKyd^VwÔ,dhRzV":VU{,yR,T_aj^Ø%/dhR
d^RzV¡uV]gdejhVK]^`zdh]
lO{¢´BÂz¨OÃ"_njhVqd^RzlB]vV/d^R¢d^RzV/TlB]gdkt,_nd^RzlOlOayU_a
:VURu_ñºBlaj]3` ﬀ ﬀc£ ºalOjvdhVbÀuVK{zV
¹
d]¢§j^lOT _M_aj^OV
{Bd^jh`,y.dhlO{yK_ayRzVO¡W
 
~z£ OyKy¼R,_a]
_ ]vT_nj
:V½
Ru_ñºBlaj¯la{ _TlOj^V%T¢lcwcV]gd]hyU_aVO£0Á>RzVU{ j^`,{
dhlaOVd^R,VUjñ ﬀ ﬀc£ ºalOjvdhVbe_a{,w¢W
 
~,£ ByUy#:lnd^RﬂVUbcRz,d
dhRzVUj/TlO]vdsTlwzVK]vdB_n{%lO{´BÂz¨OÃ6£

Ý

ß
Ł
Û

ﬁ

½·yUlajhVÈ]vT¡`z_dhlO{,]EVUbcRz,d
]^T¢_nj/:VUR,_ñºlajs_a]s}n½¥ylajhVﬂ]vT¡`,_nd^la{®z,`cde{
_]vT_aVUj»jh_a{zaVO£ p TlcwcVK]vd0_ñºaVUj_nOV !  
	
B_n{¿_a]¢VU{uyla`,{OdhVUjhVKw§laj{BdhVUaVKj*lOj^ØlO_aw,]
lO{E´BÂc¨OÃ _n{,w±_a{E`z{,]^a{z
¹
yU_a{BdM_ñºaVKjh_aaVÀlB]^]
la ﬁ  !
	 q_O]"VK{,ylO`z{Bd^VUjhVKwM§lOj ,lB_d^{za½­t:la{Bd
qlajhØlB_awz]K£
& 

   &+ 
.0,"" ﬁ 
2+ '
2/ 
l¦ºaVUjhf:VU{,yR,T_aj^Ø¿q_O]j^`z{ _nla{,VlO{>_n/d^RzV
]^T¡`z_dhVKw yUla{
¹
O`zj_d^la{u]U£
Ù
{ dhRzV }a½·yUlajhV
yR,t,]KndhRzV/§lO`zjGd^TVK]G_njhaVKjkyU_OyRzVK]lO{´BÂz¨OÃ
 
VK_Ow8d^l0t:VUj^§lajhT_a{,yV¼TtzjhlºaVUTVK{OdlO{ VKºaVKj^f
]^{zaVÀuVK{,yRzT_njhØ6£ QRzV]vVÀjhVK]^`zdh]¼_njhV»`u]g½
dhjh_nd^Vw§lOj/{Bd^VKaVKj/uVK{,yR,_njhØc]qla{
Óa`,j^Vﬂ~z£
Ù
{Md^RzVñ½¥ylOj^V¢yRzt,]UÔt:VUj^§lajhT_n{,yUV¡§lOj¡la
dhRzV0n:VU{uyRzT_njhØ]»«§:lndhR ,lB_dh{za½­t:la{Bd³]
lqVUj"lO{´OÂz¨OÃ
d^R,_a{la{´B©µ
,#z`cd¢fM{zl
TlOj^V¦d^R,_a{ ﬁ 	£#pslnd^R,VUj]:VU{uyRzT_njhØ]qVUjhV
Ò_O]gdhVUjla{´BÂz¨aÃ6ñ_nuVKd§lOjk]vlOT¢Vqf¡_ed^{Bf¡T_ajv½
O{2£
& 	
 ﬂ '" ﬁ .

 ﬁ 
2+ '
/1
Á»V%_a]^l]vd^`,wzVwÀd^RzVjhVK]^tuVy.d^ºaV!uVKR,_ñºlOjh]ﬂla
´BÂz¨OÃ>_n{,w´O©µ>/RzVK{dhRzVÀ*lOj^ØlO_Ow {,yU`uwcVK]
yUla{Bd^VUbd
]^/dyRzVK]K£
Ù
`zj
¹
j]gd¼]v`uyRqlajhØlB_aw
_a]0d^RzV`,]v`u_n}a½<dhRzj^V_aw qlajhØBlO_OwÔz`zd¿*V
_OwzwcVw"ylO{OdhVbd#]^/dhyRzV]2{¯_ej^lO`z{,wﬂjhlaz{xÒ_a]^Rc½
la{` _d¼j^VKa`z_nj
{Bd^VUjhº_n­ﬂ_nxd^RzjhVK_Owz]
*lO`zw
TlºOV¯dhl
d^RzV!tzj^VKºlO`,]ﬂylOj^V«<]vVKVj^aRBd¡]^wcVla
¹
a`zjhV
 
£ ³
Á»Vq_a]^l]^T¯`z_d^Vw"_n{xÕgVUbzyVK]h]^ºOV.ÖG*lOj^ØlO_aw®
­£ Va£_*lOj^ØlO_aw!/dhR¼TlajhVYjh`z{z{,{z!tzj^lcyUVK]h]vV]
dhR,_n{ dhRzV {`zT¯uVKjln_ñº_n_azVo*i5iylOj^V]U£
p d^TV½¥]vyUV_a]wcV
¹
{zVwÔe_n{uw>VK_OyR t,j^lcyV]^]
qla`,w±jh`z{ElO{lO{zV8yUlajhV0§lajMd^R,_ndMdhTVU½·]^yV
:V§lOj^V:VU{z]^`,]vt:VU{uwcVKwÔ£%ps{zlad^RzVKjﬂtzj^lcyUVK]h]x]
dhRzVU{ÀT_awzVd^l
j^`,{»lO{dhRz]¡ylOj^VO£QRzVj^lO`z{,w½
jhla,{V:Vy.dln®jh`z{z{z{zﬁﬀ"tzj^lcyUVK]h]vV]Gla{}¯ylajhVK]
]¡]^Rzl/{0{
¹
O`zj^V
 
GVU÷d¢]^wzV `¢VK_ayR0t,j^lcyV]^]
/¦jhVd^`,j^{0lO{_wc :VKj^VK{OdylOj^V_O]ﬂd^R,V!la{,Vd
t,j^VKºBla`u]vf¯j_n{lO{®B/dhR%_"]^/dyRlcyUyU`zj^{z"{c½
]^wcV¦dhRzVtzjhlyUVK]h]vlOj2lO{,yVqVK_OyR!«÷dhTV½¥]^yV{¯yfB½
yUV]  ¢{`zT¯uVKjslnkylOj^V]h³qyUfyUV]U£ÓzlOjs{,]gd_n{,yUVa
dhRzjhVK_aw

]gd_nj^dh]Mla{yUlajhV},¯V_ñºaVjhllaT[§laj
ö#"/w®ö%$
 
W ﬀ
0,0E+00
5,0E+06
1,0E+07
1,5E+07
2,0E+07
2,5E+07
3,0E+07
3,5E+07
164.gzip 175.vpr 176.gcc 181.mcf 186.crafty 197.parser 254.gap 255.vortex 256.bzip2 300.twolf
Benchmark
C
y
c
le

CMP
CASH
Ó#a`zjhVﬂ~z`ﬀlGbcVKyU`cd^la{dhTVﬂln{OdhVUOVUjuVK{,yRzT_njhØc]/_nla{zVYla{dhRzVﬂ}n½·q_ñfyRzt,]
dhRzjhVK_aw},_n{,wjhVdh`zjh{la{!yUlajhV

_n÷d^VKj¦dhRzj^V_aw!
]/]^`,]vt:VU{uwcVKwÔ£
rT¡`z_dhlO{,]Mj^V]v`zdh]MqVUjhV¿ylO{,]v]vdh_n{Bd/d^R
/Ru_dla{,VTOROdMVbctuVy.dh`´BÂz¨aÃ]T¢lOj^V0jhV½
]^VU{BdK¼t:VUj^§lajhT_n{,yUV½·/]^V dhl ]^`,yR ylO{OdhVbdh]
]^/dhyRzV]"dhR,_n{ _M´B©µ6£2¤·edhRzV{B`,T¡:VUjlnyUla{c½
dhVbdh]ﬂ]^/dhyRzV]x]"]^T_nG{ÀylOTt,_njh]^la{Mlnqd^RzV
{`zT¯uVKjlnﬂ{,]vd^jh`,y.dhlO{,]]^T¯`z_nd^VwÔqd^RzVK{>d^RzV
dhRzjhVK_aw,]k_njhVs]vaRBd^f¢]^l*Vw¯lO{ulad^R´BÂz¨OÃ¯_n{uw
´B©µ6£QR,VUjhV¦]#_Ywc]gdh{uy.dG_awcº_n{Bd_naV¦§laj´BÂc¨OÃx{
dhRzV
¹
j]vdeyU_a]^V«÷§lO`zjsdhRzjhVK_aw,]/j^lO`z{,w½·jhlaz{u³*z`cd
dhRz]2_awzºñ_a{Bdh_nOV]2{zlndwz]vd^{za`,]^R,_n,V§jhlaTd^RzV
`u]v`,_a¦]^R,_njh{,¼V 6VKy.d¯{ÀdhRzV%]^VKyUla{,wÀyU_O]vV«
¹
ºaV
dhRzjhVK_aw,]®la{"§la`zj#ylajhVK]³.£#QRzV¦la{,s{BdhVUjhºñ_aOwc`,jv½
{z%/RzyRd^RzV
¹
÷d^Rd^RzjhVK_Ow¼]]^VKVUtz{zjhVK]^`zdh]
{¢d^RzVwc]^t,_aj^d^la{ln6dh]kwz_ndh_ﬂ_a{,w¢{,]vd^jh`,yd^la{,]
§jhlaT d^RzV"yK_ayRzV]U£
Á>RzVK{>d^RzV{B`,T¡:VUj!la"yla{BdhVbd%]^/dyRzVK]!]
j_n]^VKwÔd^RzV%_awcº_n{Bd_naVla¡´BÂc¨OÃM]¯_n]vl¼j_n]vVw
«<]vVKV
¹
a`,j^V,pa³`*_¯d^RzjhVK_Owj^`z{,{z{,¢lO{¼_´O©µ!_a½
_ñfc]s]vdh_nj^dh]s{_"Õ^ylOwÖﬂVK{ºBjhla{zTVU{Bds/d^RjhV½
B_njwz]qd^lTVKT¢lOj^kjK_nd^la{¼_n{uw%t,j^Vwcyd^la{]vd^jh`,y.½
dh`zjhVK]K//RzVUjhVK_O]la{ ´BÂz¨OÃ0d^RzVMVU{ºjhla{,T¢VK{Bd]
]vd^_njhT «
¹
j]gd
yU_a]^V³laj%]%{zlnd
ylOT¢t,VUd^VUf
yUllaVKw «Ò]^VKyUla{,w yU_O]vVñ³.£ ¤¥{ t,_ajvdhyU`z_ajKd^RzV
]^R,_aj^Vw"zj_n{,yR¢tzjhVKwcy.dhlaj{´BÂz¨OÃﬂ]v` 6VUj]T¡`uyR
VK]h] §jhlaT ºaVUjhfÈ§jhVB`zVK{OdyUla{Bd^VUbdh] ]^/dyRzVK]
dhR,_n{d^R,V} zj_n{,yR tzj^Vwcy.d^lOjh]8{lO`zj>´O©µ
TlcwcVK<£
lkºOVU{d^RzlO`zaR%d^R,]/V:Vy.ds]{zlndsºOVUjhf{zlndhyUV½
_azVﬂ§lajs_njhaVxdhTVU½·]^yVOude]s{zlO{zVdhRzVUVK]h]s{c½
dhVUjhVK]vd^{zB`Ô¤·d_a]2]^Rzl/{"{<ZWKd\dhR,_d#d^RzV*T_mglaj
t:VUj^§lajhT_n{,yUVylO]vdﬂln/_¼ylO{OdhVbd"]v/dhyRÀ]"wc`zV
dhld^RzVyK_ayRzV]vd^jh`,y.dh`zj^V]ﬂ_n{,w»{zladxd^RzVyUla{Bd^VUbBd
]h_ñº{,,£!´BÂz¨OÃwcT¢{z]vR,VK]ﬂdhRz]"yU_OyRzV½­d^j_a]^Rz{z
V:Vy.ds_n{,w dhRzVUjhV§lOj^V¼qla`zw _nl lat:VUj_dh{,
]^fc]gdhVUT wcV]va{zVKjsdhl%`,]^V¯]^RzlOjvdhVUjsdhTVU½·]^yV¡§laj
_
¹
{,VUj/aj_n{`z_njhdgf¢la#t,j^lcyV]^]qVUbVy`cdhlO{®£
w*w õ]xzy{|{|}
W~  Ï
	

UÉ
Core 1 Core 2 Core 3 Core 4Time
per-process
time slice
context
switch
interval
th
re
ad
 0
th
re
ad
 1
th
re
ad
 4
th
re
ad
 0
th
re
ad
 1
th
re
ad
 2
th
re
ad
 2 th
re
ad
 3
th
re
ad
 3 th
re
ad
 4
Core 1 Core 2 Core 3 Core 4
round
robin
interval
th
re
ad
 0
th
re
ad
 1
th
re
ad
 1
th
re
ad
 2
th
re
ad
 2
th
re
ad
 3
th
re
ad
 3
th
re
ad
 0
Time
Ó#a`zjhV
 
`¼QRzjhVK_Ow¿jhlnd_d^la{8la{ }0ylOj^V]¯t,j^lcyV]^]^laj]K£ v®VU÷d]d^RzVﬀ½<dhRzj^V_aw8yU_a]^Va*j^aRBd]d^RzV
}a½<dhRzjhVK_aw%yU_O]vVO£
&  /1+ / ,*ﬁ 
2+ '
2/ 
Ó#{,_nfaﬂqV_n]vl ]^T¯`z_d^Vw _>]v`zu]vVUdlnd^RzV
¨OµBÂz¨aÃ
 Zå

\:uVK{,yRzT_njhØc]k]v`,dhVaBt,_nj_nVKkjUVw
`u]v{z
µ O¨ ed^RzjhVK_Owz]K£¡Q2j_ayUVK]*VKj^V¢Vbdhjh_Oy.d^Vw
§jhlaT¾_¼}n½­d^R,j^V_aw»VbcVKyU`cd^la{2#_n÷d^VUj¢_nkdhRzj^V_awz]
qVUjhVx]gd_nj^d^VKwÀ«Ò<£ Va£G{,]^wcVxdhRzVx§`z{,yd^la{
`,]^VKw{
dhRzVﬂµÂﬁﬀB©Âc´c¨¡´ ﬀÂªT_OyjhlB³.£
psk]^T¯`z_nd^Vw:VU{,yRzT_aj^Øc]VbcRzzdhVKw»]vlOTV
VUºOVUYln¡{Bd^VKjv½­d^RzjhVK_Owz]!]^R,_aj^{z¿_a{,w>tzjhV§VUdhyRc½
{zu£8QRzV
t:lO]^dhºOVV:Vy.dlnd^Rz]]^R,_njh{,M:V½
yK_nTVqT¢lOj^V*º]^,V_a]d^R,VqqlajhØ{,e]vVUdd^lxyU_ayR,V
]^kjUVj_dhl0:VKyK_nTVRzaR,VUj/<£ Va£/f VK{z_njha{z
dhRzV*lOj^Ø{ze]^VdGlajwcT{z]^Rz{,dhRzV/yU_OyRzV*]^@jKVa£
´BÂz¨OÃ]qdhRzVxuV]gd/t:VUj^§lajhT¢VKj*/R,VU{zVKºaVUjqdhRz]j_½
dhlx]#RzOR®dhR,_n{zØc]#dhlY_YRzaRzVKjRzdGj_dhlYla{¯d^RzV
TVKT¢lOj^f!RzVKjh_ajhyRfO£
Á>RzVK{TlO]vd¡lnd^R,V!qlajhØB{z]^Vd%«<wz_d__n{uw
{,]vd^jh`,y.dhlO{,]³
¹
d2{ﬂd^R,V¦yU_OyRzVO«<]h³ñ´BÂz¨OÃe_n{uwﬂ´O©µ
_aj^V%ylO]^VtuVKjv§lOj^TVUj]KdhRzV!:VU{uyRzT_njhØMVUbVy`c½
dhlO{ d^T¢V0:VKyUlaT{z>wclaT{,_dhVKw f{OdhVUjh{,_n
VUbcVKy`zd^la{®£Ó,laj¢{,]vdh_a{,yVOkla{¿la`zj¢d^j_ayUVK]Kd^RzV
j_awzbÀØaVKj^{zVKk§jhlaT ¨OµOÂz¨OÃ

q_O]¡wclOT{,_nd^Vw
f¡d^RzV ,lB_dh{za½­t:la{BdG{,]vd^jh`,yd^la{,]s«ÒTlajhVd^R,_a{
 	ladhRzV
{,]vd^jh`,yd^la{,]K*/d^R _»_aj^OV%{`zT¢½
:VUj%ln¡wclO`zzV½·tzjhVKy]^lO{ T¯`zd^tzyU_nd^la{,]³.£ ¤·
ö#"/w®ö%$
 
W
 
0,00%
1,00%
2,00%
3,00%
4,00%
5,00%
6,00%
7,00%
1,E+05 1,E+06 1,E+07
Switch interval (cycles)
Loss (%)
CASH
CMP
Ó#O`zj^V,pB`pºaVKjh_aaVYtuVKjv§lOj^T_a{,yVYlB]^]Kc/d^R¼_WK¢Tla{u]/yfcyVK]{Bd^VUjhº_n®_O]j^VU§VUjhVU{,yUVa£
dhRzVyU_OyRzV¯_aj^V¢z%VK{zla`zOR®6d^R,V´B©µ
{,_dh`zj_nf
d_nØOVK]dhRzV"VKwzaVﬂdhR,_n{zØc]sd^l_l*VKj vkWﬂ_dhVU{,yUfa£
pe{¿VUbcyUVUtcdhlO{dhld^R,]¢]¡dhRzVuVKR,_ñºlOj¯lasd^RzV
u_njh{zVK]%_ntztzyU_dhlO{®sqVUjhV{Bd^VUjh{,_aeVbcVy`cdhlO{
]!wzlaT{u_d^Vw f¿la{za½­_dhVU{,yUf ,lB_d^{za½­t:la{Bd
{,]vd^jh`,y.dhlO{,]ﬂ«Ò]^VUVx:VUl]^`z,]^VKyd^la{
},£ ~a³.£
&  *
ﬂ$"

/ +   

   /  /
.0/ .


rcR,_njh{,"d^R,Vqv¦WYwz_ndh_¯yU_ayR,Ve{%´BÂz¨aÃ]q{zlnd/_n`c½
dhlaT_dhyK_nft:lO]^d^ºaVY/dhR%T¯`zdht,j^lcyV]^]qqlajhØB½
lO_Owz]K]^{,yVx]vRu_njh{z¢{,wc`,yUVK]/_n{%Vbd^j_¯_nd^VU{uyf
yUfcyVe/d^R!lO_Owz]¦_a{,wT_ñf_n]vl¡aVU{,VUj_d^VY]vlOTV
u_n{zØ!yUla{ uydh]K£
pe]h]^`zT{z§lO`zj2VUbcVKy`zd^la{ﬂylOj^V]U*VGj_n{ﬂ]^T¢½
`,_nd^la{,]Ku:lndhR{Bd^VUOVUjx_n{,w ,lO_nd^{zn½·tulO{BdulO{
_xt,j^lcyV]^]^lajG]^T_ajGd^l"´BÂz¨OÃ6z`cd¦/d^RdhRzV/tzjh½
º_nd^Va¡Ò_a]vd^VKj»_OyUyV]^]MvkW8w,_dh_yU_OyRzV¿_n{uw d^RzV
la{,aVUjY_d^VK{,yf vyU_OyRzV¢]^T¢_njYd^l¼´B©µ:£ÔQRzV
t:VUj^§lajhT_n{,yUV
lnYd^Rz]ºOVUj]vla{8q_O]T_njha{,_nf
«Ò{%_ñºaVUj_nOVxW¢³G:Vd^d^VUj*d^Ru_n{dhRzVet:VUj^§lajhT_n{,yUV
la¯´BÂz¨aÃ6£®¤¥{¿t,_nj^d^y`z_nj#{0TlO]vd¯lad^RzVyU_a]^VK]
/R,VUjhV¿´BÂc¨OÃ
 _a]]^lqVUjd^R,_a{´B©Bµla{E_a{
{,wcºwz`,_nk:VU{uyRzT_njhØ:tuVKjv§lOj^T_a{,yVyUlB]vV¢d^l
´B©µ
¢_a]lOcdh_a{,VKwÔ£
Ù
{ d^RzV>lad^RzVKj»Ru_n{,wÔ§laj]^{zOV8d^R,j^V_awcVw
qlajhØlB_awÔ:_n{_aTlB]gdxyla{u]v]gd_n{Bdet:VUj^§lajhT_n{,yUV
_Owcº_n{Bdh_aaVx_a]/lOcdh_a{zVw
`,]^{z_!]vR,_aj^Vw%w,_dh_
yK_ayRzVOx/dhR lO{zf_ R,_a{,w§`z"la¢:VU{uyRzT_njhØ]
t:VUj^§lajhT{,:Vd^d^VUj la{d^RzV tzjhºñ_nd^V yU_OyRzVK]
TlcwcVK<£
QRzVT_aj^O{u_nt:VUj^§lajhT_n{,yUV>TtzjhlºaVKT¢VK{Bd
lO{ T¯`zdht,j^lOaj_nTTVKw t:VUj^§lajhT_n{,yUV ] lﬂ
yUlaTt,_aj^Vw/d^RxdhRzV¦:VU{,V
¹
d#lnc_aj^OVUj®yK_ayRzV]6§laj
{,yUlaTtzVd^VqqlajhØBlO_OwÔK_a{,wﬂdhRzVquVK{zV
¹
dGla,]vR,_ajv½
{zwz_d_¯_a{,w%{,]vd^jh`,yd^la{,]q{_¯T¡`zd^d^R,j^V_awcVw
qlajhØlB_awÔ£
w*w õ]xzy{|{|}
Whp  Ï
	

UÉ
&  *
ﬂ$ "

/1+-  "%&/1+-"%, $&"%,
ﬀ $ &.  
 &/  $ &  "
p]¦VUbctz_a{,VKw_n:lºaV¯«Ò]^VUVz£ z£WK³c]vt,_ajh]^VUf¡`u]vVw
§`,{,y.dhlO{,_n®`,{zd]e]^`,yR¼_a]swzºwcVUj]/yU_a{`u]v`,_af
:V]^R,_njhVKw8uVUdg*VKVU{>ylOj^V]¢/dhRzla`cd!]h_ayUj^§f{,
t:VUj^§lajhT_n{,yUVK]K£2×qVU{zsÕv]^t,_ajh]^VUfOÖ¦`,]vVwÔdhRzVUjhV]
`u]v`,_afºaVUjhf!dvd^V¯yUla{Bd^VK{Bd^la{
la{
dhRzVK]^V"`z{zdh]K£
Á>R,VU{0_
]v{zaV¢d^RzjhVK_Ow»T_aØaV¢{BdhVU{,]^ºOV`,]vVla
§lOj¦{,]vdh_n{uyVsdhRzV  e¡{,]vd^jh`,y.dhlO{®dwclVK]*{zlnd
]^` 6VUj§j^lOT yla{BdhVU{Bd^la{kdhRzV¯lad^RzVKjt,j^lcyV]^]^VK]
{dhRzVeqlajhØlB_aw¢wcl"{zlad*`,]^V/d^R,V ,lB_d^{za½­t:la{Bd
wzºwcVUj£
^slqVUºOVUjxd^RzV ]vd^`u_d^la{±T_ñf uV wc :VKj^VK{Od
§lOj _T¡`zd^d^R,j^V_awcVwÈ*lOj^ØlO_OwÔ£ Á>RzVK{_a
dhRzjhVK_aw,]ÔVbcRzzd®d^RzVq]^_aTVGuVKR,_ñºlOj¦«Ò_O]Ô]2`,]^`,_n
§lOjt,_nj_nVKkjUVwylcwcVñ³.zyUla{Bd^VK{OdhlO{!T_ñflcyUyU`zjK£
Ó,laj¯{,]vdh_a{,yVO#d^RzV 	
%_ntzt,yU_nd^la{0{0d^RzV
¨OµBÂz¨aÃ
¿uVK{,yRzT_njhØc]]^Vd]
VbcRzzdh]¼]^`,yR _
:VURu_ñºBlaj£ÔiVUj^§lajhT_n{,yUVGla{xd^R,V*´BÂz¨aÃetzj^lcyUVK]h]vlOj
]^` 6VUj]UB_a]kd^RzV}ﬂd^RzjhVK_Owz]¦_aj^V/V:Vy.dhºOVUf¢]^VUjh_a½
kjUVwﬂlºaVKjÔd^R,V ,lB_dh{za½­t:la{BdwcºwcVKj2§`,{,y.dhlO{,_n
`,{zd£
QRzVKj^VU§lajhVadeyK_n{
:V"ylO]vdv½·V 6VKyd^ºaVYla{¼´BÂz¨aÃ
dhl T¢t,VKT¢VK{BdM_ ]^{zOVO"zaOVUjxÒ_a]vd^VUj`z{zdK£
QR,]¼jhVK]^`zdh]
{±]vORBd^f uVUdvdhVUjt:VUj^§lajhT_n{,yUV
§lOj%]^{,aV½­d^RzjhVK_OwcVKw ylcwcVd^R,_a{ yU_a{ `,]^Vla{zf
lO{zV wcºwcVUj_n{uw _ñºalOw,]¿VUbcyUVK]h]vºaVtuVK{,_ndgf
lO{T¡`,dhdhRzj^V_awcVw¿yUlwzVa£À¤¥{¿lO`zj¯VUbctuVKj^TVU{BdK
Ru_nºB{z
dhRzV_d^VK{,yfMlnd^R,V ,lO_nd^{zn½·t:la{Od¡wz½
ºwcVUj_a]¯VU{zlO`zaR¿d^lÀT_nØOV%´BÂz¨aÃÀTlajhV%d^R,_a{
_T_dyR»§laj"´B©µla{Md^RzV 	
:VU{uyRzT_njhØ:
VKºaVK{dhRzla`,aRﬂ´BÂc¨OÃs_a]®{zVK_aj^f ﬂﬁ
	>]^l*VKj:/d^R
dhRzV¿`u]v`,_a¡§`,½­_dhVU{,yUf `z{zd»lO{ d^Rz]À]vt:VKyU
¹
y
T¯`zd^d^RzjhVK_OwcVKw%uVK{,yRzT_njhØ6£
Á»V*_n]^lsT_awcVkVUbctuVKj^TVU{Bdh]/dhR¡´BÂz¨aÃ`,]^{z
]^R,_aj^Vw ,lO_nd^{zn½·tulO{Bd®`z{,d]UVKºaVU{x§lOj2TlajhVG§jhV½
B`zVK{Bd2{u]gdhj^`,yd^la{,]K£2¤¥{u]gdhVK_awxlazyla{,{zVKyd^{z/dgql
`,{zd]/dhlVK_ayRlndhRzVﬂ§la`,jeylOj^V]UcqVﬂla{zf!`u]vVw
§lO`zj`z{,d]UsV_ayR>ylO{z{zVy.d^Vw8d^l0dgql_awñmv_OyVK{Od
yUlajhVK]K£l¦_OyRylajhVR,_aw_OyUyV]^]#dhlxdg*lﬂ`,{zd]UOz`cd
{,lxdg*l¡yUlajhVK]qVUjhVsylO{z{zVKyd^Vw¢d^lﬂdhRzVe]h_nTV/dgql
`,{zd]U£¯QRzV¯`,{zdﬂjhVK]^tulO{,]^zV"§lOjYd^RzV ,lO_nd^{zn½
t:la{Bdwcº]^la{_a{,w ] O`u_njhV¼j^llnd%{,]vd^jh`,yd^la{,]
]^R,_aj^VwxBf"_aylOj^V]Uñ/d^R¡d^RzVq`,]^`,_nBRzaR"_dhVU{c½
yUV]U£Á»Vd^RzVK{Àjh_a{la`,j ,lO_nd^{zn½·tulO{BdxuVK{,yRc½
T_aj^Øc]]vVUdh]/lO{!dhRz]sylO{
¹
a`,jh_nd^la{®£
pe]ela{zV¡T¢aRBdYVbctuVy.dulO{_n,lB_d^{za½­t:la{Bd
qlajhØlB_awz]K2_a*uVK{,yRzT_njhØc]ﬂtuVKjv§lOj^TVwÀ*lOjh]^V
jh`z{z{,{zla{±dhRz]»ylO{
¹
O`zjh_nd^la{±/RzV¿TbcVw
qlajhØlB_aw¡VbcRzzdhVKw_ﬂ]^T_ajGuVKR,_ñºlOjk_a]jhVUn½
`,_aj´OÂz¨OÃ6£GQRzV¼uVK{,yRzT_njhØ0/d^R d^R,V¼RzORzVUj
t,j^lOtulOjvdhlO{la ulO_dh{,n½·tulO{Bd{,]gdhj^`uy.d^la{u]{
dhRzV¼dhjh_OyV¿«vW
 ]
£ _atztz`®xW
 
c£ T¢Oj^wÔYW
 
Wa£ ]v/T³
{u_d^`,jh_af]^` 6VUjhVKw
dhRzV¢T¢lB]gd6VK]^tuVy_nf
/RzVK{
t,`cddhlaOVd^R,VUj#la{¯_Owñmv_ayUVU{Bd#yUlajhVK]K£
Ù
dhRzVUj#uVK{,yRc½
T_aj^Øc]q*VKj^Vﬂ]^lqVKw!f!_]vT_aVUj/_nTlO`z{BdK£

 1"+*(

2U1" ﬀ"ﬃ ﬃ



ﬁ
 1ﬂﬁ
QR,V"ylaT¯z{zVKwT¢tu_ay.d]/ln#d^R,V"_awcº_n{uyVﬂ{
]^½
ylO{dhVKyRz{zlOlOafÀ_n{,wd^RzV¼wcT{,]^Rz{zMjhVdh`zjh{
§jhlaT T¢t,VKT¢VK{Bd^{z /wcVUjM]h]v`,V¿]v`,tuVKjh]hyU_a_aj
t,j^lcyV]^]^lajÀR,_O]T_awzV>R,_njwc_njhV8dhRzjhVK_aw t,_ajv½
_aVU]vT&_jhVK_adgf { ylaTTlcwcdgf t,j^lcyV]^]^laj]K£
×qlad^R"´B©µ]_n{,w"¨O©ªYtzj^lcyUVK]h]vlOjh]Ô_aj^VG{zl0l :VKj^Vw
fT_a{B`zÒ_ay.dh`zjhlaj]U£
¤¥{ d^Rz]tu_nt:VUj*qV¼R,_ñºaV¼]^Rzl/{ d^R,_ndd^RzVKj^V
VUbc]vdh]x_n{»{OdhVUjhTVKwc_dhVwzVK]^O{t:la{Odﬂ:VdgqVUVK{
´B©µ _n{,w ¨O©ª6ﬂd^R,V ´BÂz¨OÃt,_ajh_aVU%tzj^lcyUVK]h]vlOj
«§§laj
 
Å!Æ

É6Ê

Å¿Ì

ÎaÏÐ.ÑÒÊ,³.£¤¥{,]vd^V_aw±la
_a{%_a½­lOjv½·{zlad^Rz{z¯]^R,_aj^{z¡t:layfaz´BÂz¨OÃTtzV½
TVK{Od]]^VUtu_nj_d^V¡VbcVKyU`cd^la{yUlajhVK]¯«Ò_a]la{M´O©µc]³
,`cd]vRu_njhVK]!d^RzV0TVUTlOj^f ]vd^jh`,y.dh`zjhVK]0«ÒyK_ayRzV]U
t,j^Vwcyd^lOjh]³x_n{,wÀj_njhVUf`,]^VKw»§`,{,y.dhlO{,_nq`z{zdh]
«<_a]%la{ ¨a©ªc]³.£ Á>RzVU{zVKºaVKj]^R,_njh{z¿_nls]d^l
`u]vVE_njhaVKj TVUTlajhf ]gdhj^`,yd^`zjhVK] «÷§lOjyU_OyRzVK]
_a{,w0zj_n{uyRtzjhVKwcy.dhlaj]h³Glaj¯d^lÀ]^_ñºOVT_d^VKj^_n
«Òjh_aj^VKf `,]^VKw §`z{,y.dhlO{,_nx`z{,d]UYz`cd_n]^l¿{zV
t,j^Vwcyd^lOj³,´BÂc¨OÃTtzVUTVU{Bdh]ed,VKºaVU{
Gde{c½
wz`,yV]"la{zOVUj"tzt:VU{zV_ayKyVK]h]ﬂ_n{uw0]vlOT¢V%_njhz½
dhjh_nd^la{®£$Á>R,VU{zVKºaVUj»]vRu_njh{z>{,wc`uyVK]»]^`ztuVKjv½
{zVK_ajeylOT¢t,VUbdgf{,yUj^V_a]^Va,´BÂz¨OÃ!TtzVKTVU{Bdh]
ö#"/w®ö%$
 
Whb
]^VUtu_nj_d^VR,_ajhwzq_aj^V `6§lajk{,]vdh_n{uyV/jhVUa]vd^VUj
¹
V]U
_nØOV¡`zt»_n{,wM]vVKVy.dhlO{laaynÔ_a{,w¼dhRzVBft,_O]^]
{,VdgqlajhØ:£
QRzV ]vT¡`z_dhlO{±j^V]v`,d]tzjhVK]^VU{BdhVKw {Ed^R,]
tu_nt:VUj¼`,]vd^j_d^V»dhR,_d´BÂz¨OÃ ylaTt:VdhVK]
Ò_ñºOlaj^½
_azf/dhR_´B©µ]vlO`zd^la{la{!TlB]gd/qlajhØBlO_Owz]K£
¤¥{!§`cd^`,j^Vx]gdh`,wcVK]Kc*V/6VbctzlajhV_¯/wzVUjwcV½
]^a{M]^t,_OyVa£¯ÁMV_a]^l!_n{BdYd^l¼]gdh`,wcf¿«ÒTlO]vd^fc³
]^ln÷dg_njhV]vlO`cdhlO{,]Yd^l¼VK{zR,_a{,yV]^{,aV¢t,j^lcyV]^]
qlajhØlB_aw8tuVKjv§lOj^T_a{,yVO£ Ó,laj{,]vdh_a{,yVOs]vR,_ajv½
{z±dhRzVyK_ayRzV]_nTlO{z±d^R,VylOj^V _als]_a{
R,VUtuVKjd^RzjhVK_Ow%«Òj^`z{,{z{,YlO{¢_Ywc :VKj^VK{Bd¦ylajhV³®d^l
t,j^VU§VdhyR0{,]vd^jh`,y.dhlO{,]¡_a{,w0wz_ndh_
§lOjﬂd^RzV%T_n{
dhRzjhVK_aw®£
	  ﬃﬁ/%+q/
ZW0\,v2`zkjps{,wzj^\ ×_njhjhlO]^l, elO`zj^lB]vR YR,_nj_½
yR,lajhll,0Z/lOuVKjvd y _nT_nj_z0pe{,wcjhVK_a]
elq_nd jKfBØ6/rR,_Vj Y_OwcVUVKjK×_nj^d^lO{ rc_a{zl,
rzylnd^d rTd^R®0Z/lOuVKjvdrBdhVd]U0_n{uw ×qVK{
nGVKj^ORzVK]^Va£ﬂi¦j_n{zRu_z`e_]^yK_n_nzV¯_ajhyR,dhVKy.½
dh`zjhV!,_O]vVw0la{¿]^{zaV½¥yRzt0T¡`zd^tzjhlyUVK]h]g½
{zu£¤¥{¿ÆqÐ  ÊÑ÷É     


É,É 	 

	É  Ð.É ­Ñ É 

Î
 .Ñ%	
 É
 

	 UÐ

ÐcÑ    	cÐ  	cÉﬀﬁﬂﬂﬃﬂﬀ! nÉ 

	" UÐ#ﬀ%$sÐ.Ñ ­Ñ&'
 
 	
ÏUÑ sVU)(klajhØ:
*(¯7ircp¡unOaz£cpeo ikjhVK]h]U£
Z ]\xVKdhR eV§VK{,wclOj £ o*laTt,_  yRzllO]^VK]
r Q §lajx_ntzR,_,£"Å¼Ñ UÐ 6Ð  +# nÐ-, . nÐ <
W

«vWK~O³zeVyVKT¡:VUjﬂW3b bVb,£
Z

\xVKdhR±eV§VK{,wclaj £ il*VKj^}8§lcy`,]^VK]
lO{
TVKT¢lOj^f!,_n{,wz/wdhR `k¤g× ¾yla{z§j^lO{Od]¤gp/½
~a},#]^_ñfc]Y¤vrcp {zlad"Tt:laj^dh_n{Bd£%Å¼Ñ UÐ 6Ð 
+# nÐ/, . Ð ­ÔW

«vW

³.
Ù
y.dhla:VUjﬂW3b bVb,£
Z }V\,v_n{,yUV[^_nTTla{,wÔ×_O]vVKT p¡£ _ñfB§VUR®
_a{,w x`z{,V
Ù
`zØOlndh`z{®£ p ]v{zaV½¥yRzt
T¯`zd^tzj^lcyUVK]h]vlOjK£
 
0
* 	 UÐ.

,« bB³|`
 
b1p ﬀz
rcVUtcdhVUT¡:VUj¡W3bVb
 
£
Z ﬀ]\"rc\U,_O]gdhVK{ ^ef _n{uw ps{uwcj^\ rV3jU{zVyn£
×qj_n{,yR tzjhVKwcy.dhlO{ _n{uw']^T¯`zd_n{zVKla`,]
T¯`zd^d^RzjhVK_Owc{,,£ ¤¥{ ÆqÐ ÊÑ÷É0   
ﬃ2ﬃ23
 
nÉ  UÐ É  nÉ Æ nÐ % 

Ð cÑ 
   	cÐ + É:Ê
 

:Ñ%  <Ñ nÉ Ì #ÉuÑ54 	 +
6
Æ
2 
Ì87 239Àt,_nOVK] WK~ b16W
 ]
¼×*lB]gdhla{®
_a]h]^_OyRB`u]vVUdvdh]K
Ù
yd^lOuVKjn1z

W3b ba~,£
¤ l5lol o*laTtz`zd^VUjerclyUVUdgfikjhVK]h]U£
Z ~ \- YVU{,{[^s{Bd^lO{®¢Y_ñºaV rc_nOVUjﬁ¼ØaV istc½
dhla{®B_aj^jhVU×qlaOO]KnelO`zﬂoq_aj^TV_n{®npe_a{
xfØOVUj_n{uw iG_dhj^yVÀZ/la`u]^]^VU­£ QRzVÀT½
yUj^lB_njyRzd^VKyd^`zjhVln:d^RzVetuVK{Odh`,T }ﬂt,j^lcyV]g½
]^laj£:	.É *Ì #É  nÎ; 	cÐ.É
í ¯W"nOzWa£
Z
 
\ﬂZsyR,_ajhw ls£ xVK]h]^VKjK£QR,VpstzR,_zWn~a}
TyjhlatzjhlcyV]^]^lajh`
Ù
`zdv½·ln÷½·lajwcVUjxVbcVy`cdhlO{
_nds~aaﬁ^ jO£¤¥{¤ lololezVKwcd^lOjK

#Ñ <
ﬂﬃ nÉ  UÐ UÉ8Ð nÐ^Êﬃ

	ﬃ 	 ;3ﬃ=ﬀ
ﬃ2ﬃ2=ﬀÅ
 nÐ.Ñ 

	,ÊnÑ  nÐ.Ñ%	
>ﬀ

 É# Ð^Ê
?#É,Ñ"Ð#.Ñ ­ÎﬀYÆ  

  ﬀ
 

íÑ  Ð.ÉuÑ YWaWK b
rctzj^{zMrd^jhVUVdrc`zdhV

OzrºaVKj¯rtzjh{z,
 aVb,WKz ircp¡uWhbVbVp,£n¤ lolol>o*laTtz`cdhVUj
rclyUVUdgf!ikjhVK]h]K£
Z p \ﬂQR,VKj^jhf,v2_Ò_aaVq_n{,w"pe{,wcjh\rcV0jU{,VKyn£,o*lOT¯½
,{z{z¼ORBd¡]gd_d^yylcwcV_n{,{zlnd_d^la{À_n{uw
{,]vd^jh`,y.dhlO{c½¥]vVUd VUT¯`z_nd^la{ §laj ,VbczV
_a{,wﬂV0syUVK{Bdla{z½<dhRzV½ ,f]^T¡`z_dhlO{®£OQVKyRc½
{,yK_nzZ/VKtulOjvdkik¤·½WVp ﬀz¤gZs¤vrcp"Vie{zºaVUj]^dgf
laZsVU{z{zV]ﬂWa

ﬀna}B¯Z/VU{z{,VK]K,Ózj_n{,yUVazV½
yUVUT¯uVKj"W3b bVbz£
Z b \A@B_ayØ v¦£v2l,B@OlBVKrÔ£,lkTVUj^eVU{zjhf 0£
v2VUºfa:Z/VU:VKyKyU_ v¦£:rBd_nTT
u_n{uw¼eV_n{!0£
Q`z]^VU{2£ o*la{ºaVKjvdh{, d^R,j^V_aw½·VKºaVK¯t,_ajv½
_aVU]vT d^l8{u]gdhj^`,yd^la{c½·VUºaVKet,_ajh_aVU]vT
º_%]^T¡`zdh_a{zVUlO`,]eT¯`zd^d^RzjhVK_Owc{,,£
2 
Å
ÌzÐ nÉC  <Ñ nÉC É
 
0
* 	 UÐ

Î  
>.
W ﬀz«

³|`

O1

ﬀ}uOpe`za`,]vdﬂW3b b
 
£
ZWK \D@OV 6jhVUf»o£¼lOa`zG_a{,wMpe{zdh_
×qlajh,£¡QRzV
V:Vy.dﬂlnqyla{BdhVbdx]^/dhyRzV]lO{MyK_ayRzV¯tuVKjv½
§lOj^T_a{,yVO£ ¤¥{±ÆqÐ  ÊÑ÷É   

ÑFE	
w*w õ]xzy{|{|}
a  Ï
	

UÉ
	É  Ð.É ­Ñ É 
 
nÉ  UÐ É  É

Ð cÑ   
 	cÐ 


	 nÐ   ÐÈÆqÐ nÐ 0
 
¢Ñ÷É É
 	  + É6Ê  UÐ ­Ñ÷É

Î  
>.¼t,_aaVK]
 
ﬀ1 p ﬀczrc_a{Bdh_o*_ajh_,uoq_n§lOj^{z_z6WhbVbzWO£
ZWaW0\ x`,{zV
Ù
`zØOlnd^`,{® ×_O]vVKT p"£ _ñfB§VUR®
v_n{,yUV ^e_aT¢TlO{,wÔ xVK{ Á>]vlO{®_n{uw
x`,{c½ (k`,{z¯o*R,_n{,,£uQR,VeyU_O]vVq§laj*_ﬂ]v{zaV½
yR,t T¯`zd^tzj^lcyUVK]h]vlOjK£ ¤¥{

Ð #Ñ    	cÐ 


	ﬃ Ð   ÐÆqÐ aÐ 
 
¯Ñ÷ÉÉ
	   +
nÉ:Ê  Ð  <Ñ÷É

Î  +
 
6
q
Æ

 	'	.9ñ
tu_naV]s16WaWa6WhbVba~,£
ZW]\ﬂrc`zz,_ajh_al i_a_OyR,_njh_z slOj^T_n{ i£
@Ola`,tztz­¦_n{,w @,£ﬀls£¦rcT¢d^R2£ o*laTtzVbcdgfO½
V:Vy.dhºOV"]v`zt:VUj]hyU_n_njqtzjhlcyVK]h]^laj]U£¤¥{  


ÉuÉ 	 
 	.É  UÐ.É­Ñ É 

Î
 Ñ%	
 É
 
0
* 	 UÐ

ÐcÑ    	cÐ UGt,_aaVK]nO~1zcW3p,
WhbVb
 
£
ZW

\D@OlaR,{iVd^jhlºyØ6£Ôi
Ù
Á l¦Z/}¢yRzt!{OdhVUOjh_n½
dhlO{®£ ¤¥{¤ lol5lseVwcdhlaj


 
cÑ   

 nÉ  nÐ^Ê ?É,Ñ"UÐ#Ñ ­Îﬀ

 É# Ð^Êﬀ
 

íÑ  Ð 
ÉuÑ ﬀ

	ﬃ
	  
	ﬃﬀﬁﬂﬃﬂﬂWOWKVb8rtzjh{z
rd^jhVUVdr`zd^V

a,
rcºaVKj rtzjh{z, 
aVb,WKz ircp¡6aaa,£z¤ lolol±o*laTtz`cdhVUjﬂrln½
yUVUdgf!ikjhVK]h]K£
ZWU}V\ql¦j^ºOVU{ Z/laR,la`® Ó,jh_a{lO] ×qlcwc{® _n{uw
pe{,wcjh\ rV0jK{zVKya£ o` rcf]vd^VKT §laj
_O]^]^VUT¯zfO½·_n{zO`,_nOV8dhjh_a{,]v§lajhT_nd^la{È_n{uw
lOtcd^T@j_dhlO{®£O¤¥{ÆqÐ  ÊnÑ÷É0   

ÑFE	
 Ð  
 

:Ñ% Ð#  Ð¢Æ nÐ %  
 

 
 	 UÐ#.,VKyVKT¡:VUjﬂWhbVba~,£
ZW ﬀ]\ql¦j^y Z/lad^VK{B:VUjh,rd^VUºOV ×qVU{z{,Vdvd_n{uw
@B_nTV]<ls£srTd^R®£ Q2j_ayUVyU_OyRzV `Àp l
_dhVU{,yUf!_nt,tzj^lB_ayRdhlRzOR%u_n{,wc/wdhR{c½
]vd^jh`,yd^la{ §VdyRz{z,£ ¤¥{ÆÐ  ÊÑ÷É  
   


ÉuÉ 	 *	É  Ð.É ­Ñ É


Î
  
.Ñ%	
 É Å¼Ñ Ð  ÐcÑ    	cÐ U¼t,_aaVK] }01

},®iG_aj^]UÓzj_n{,yUVaVKyUVUT¯uVKj¡1B}ukW3b ba~,£
¤ l5lol o*lOTtz`cd^VKj rlcyUVUdgf Qeo¦½ ¼¤^oqZ
Ù
_a{,w
peo ¾rc¤'  ¼¤^oqZ
Ù
£
ZWK~ \/(Y_a{z{,_aØB]¦rc_VjUVKwcV]G_n{,wQla{z @a`,_a{®£ ^el
dhl!ylOTt,_njhVYd^RzV"t:VUj^§lajhT_n{,yUVﬂln#dg*l]^T"d
TyjhlO_ajhyRzd^Vy.dh`zj^V]U£±¤¥{ ﬂﬃﬂ	 	.É
 UÐ.É­Ñ É 

Î
* .Ñ%	
 ÉÆ Ð  nÐ 
 nÉ

É íÎ.Ñ&  

Î  
> nÉ:Ê

 nÐ cnOzWO£
ZW
 
\xpe{,wcjh\rV0jK{zVKyaxrBdhVUtzR,VU{±ÓzVKbÔanGVK{zØ_dh_
xjh]vRz{u_n{®k_a{,w (¦_n{,lO]¯rz_ jUVKwzSK]K£MVK]^O{
dhjh_OwcVUl 6]§lajdhRzVVKºpÀ,jh_a{,yR tzj^Vwcy.d^lOjK£
¤¥{!ÆqÐ ÊÑ÷É0    


É,É 	 ﬃ	.É UÐ 
É ­Ñ É 

Î
 .Ñ%	
 É
 

	 Ð

Ð 
#Ñ    	cÐ 8ÅÎ%ﬃ2ﬀ ﬂﬃﬂ00ﬀ

É# nÐ 
  +ﬀ

   sVK (klajhØ: (¢TiYrcp"cnOOz£
peo ¾ikjhVK]h]K£
ZW3p \xpe{,wcjh\¢rV3jU{zVy"_n{uw¼ikVUjhj^V yR,_a`,wÔ£sV½
_a_a]^VKw
Rfzjhw
,jh_a{,yR¼tzjhVKwcy.dhlaj]U£sQVKyRc½
{,yK_n%ZsVUt:laj^d8ZsZ½

~,W3pz!¤¥{zj^_z%¤¥{,]vd^d^`cd
_dhlO{,_nkwcVZsVKyRzVKjhyRzV¢VU{À¤¥{c§lOj^T_nd^ O`,V
VUdsVU{¼ps`zd^laT_nd^ O`,Va®WhbVbVb,£
ZW3b \xZsyR,_ajhw vk£¢rdhVK]K£

   

ÐcÑ    	cÐ 
,   UÐ UÉ8ÅÉ 	 í£&Od_n¢ikj^V]^]»_n{uw
i¦j^VK{OdhyUV½ ^e_a­®W3b bOz£
Zån \x¯£0£®Q`z]^VU{®#r6£ @,£PlkOaVKjh]KÔ_n{,w ^"£0£
v2VUºfa£ rT¯`zdh_n{,VUla`u] T¡`zd^d^RzjhVK_Owc{zB`
_bcTkjU{z¾la{c½¥yRzt t,_ajh_aVU]^T
£ ¤¥{
ÆÐ  ÊÑ÷É    ﬂ
É:Ê

É,É 	 
 	.É UÐ 
É ­Ñ É 

Î
 .Ñ%	
 É
 

	 Ð

Ð 
#Ñ    	cÐ U¦t,_aaV]

bO1B}O

£2peo  ikjhVK]h]U
@O`z{zV¡O1z}!WhbVb ﬀc£
ZåcW0\xVK_a{ 0£8Q`z]^VU{2 r`,]h_n{ @u£ lkaOVUj]U
@OlVUsr6£ﬀlkTVUj^eVU{zjhf 0£ov®VKºfa:@B_ayØvk£
v2l,Y_n{,wZ/VU:VKyKyU_Kv¦£srBdh_aT¢T
£ lGbctzladv½
{zyRzlOyUV(`ﬂ¤¥{u]gdhj^`,yd^la{M§VdyR»_a{,w]h]v`zV
lO{_n{TtzVKTVU{Bdh_azV]vT¡`zdh_a{zVUlO`,] ¼`,½
dhQR,j^V_awc{z tzjhlyUVK]h]vlOjK£È¤¥{EÆqÐ  hÊnÑ÷É0
  ﬃ

ÐhÊ

É,É 	  	.É  UÐ.É­Ñ É 

Î
 
 .Ñ%	
 É
 

	 Ð

Ð #Ñ   	cÐt,_aaVK]
WhbzW+1cnBc&eVU (klajhØ: _ñfa1cn}W3b ba~,£
peo ¾ikjhVK]h]K£
ö#"/w®ö%$
 
zW
Zåa]\xY_ñºw,v¦£UÁ»VK_ñºOVUj2_a{,wﬂQ2lOT  YVKj^TlO{,wÔVKw½
d^lOjh]K£Ì  

Æ

,
 M
Ð #Ñ    	cÐ /ÅnÉ 	  ﬀ
"UÐ#Ñ nÉ 2a£Gi¦Q/Z ikjhVU{BdvdhyUV ^e_n­®W3b bn},£
Zå

\ﬂrd^VUºOVU{¢oq_aTVUjhla{xÁMllu lajhfOlO]^Rz
Ù
R,_ajh_,
l¦ºñ_a{¿Qlajhj^Va @O_O]v/{,wcVKj"iG_nr{,aR®G_n{uw
pe{zllat  Y`ztcd_z£ QRzV±ri5vpr ^s½¥ tzjhln½
Ojh_aT]0`Eo*R,_nj_ayd^VKj^kjK_nd^la{ _n{,w±TVUd^Rzlcw½
lOlOayU_aÀyUla{,]^wcVUj_dhlO{,]U£ ¤¥{ÆqÐ     
  ﬂ
É:Ê

É,É 	 :	.É UÐ.É <Ñ nÉ


Î
  
.Ñ%	
 É
 

	 Ð

ÐcÑ    	cÐ U/t,_aaVK]
n}1

~z
rc_n{Bd_ _aj^ORzVUjhd_z¤·dh_afO @O`z{zV
WhbVb ﬀc£ ik`zz]vRzVw_O]ikjhlcyn£¦laﬂd^RzVÀan{,w
pe{z{`,_n±¤¥{BdhVUjh{,_dhlO{,_n±rfTtulB]v`zT lO{
o*lOTtz`cd^VKjpejhyRzd^Vy.dh`zj^V«<an{,wY¤vr,oqp  b ﬀO³.
peo  r¤' xpeZsoc^ o*lOTtz`cd^VKj pejhyR,dhVKy.½
dh`zjhV sVUs]KcºalO`,T¢V"

c{`zT¡:VUjs~,£
w*w õ]xzy{|{|}
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Futurs : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
